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Abstract 
Sites contaminated with biocide pentachlorophenol (PCP) should be treated 
immediately due to its high toxicity and high persistence in the environment. 
Ligninolytic enzymes, the target enzymes in this study, were highly oxidative and 
secreted by fungi, and can be used for degradation of organic pollutants. Although 
ligninolytic enzymes are encoded by gene families, there is scarce information on the 
specific pollutant degradative enzymes and genes. In this research, the main aim is to 
tag the PCP-degradative ligninolytic enzymes and their genes, and from the results, a 
molecular probe to monitor the production of these enzymes is to be developed. 
Therefore, in long term, PCP-degradative enzymes can be massively produced by 
fermentation for environmental cleanup. 
The target mushroom, Pleurotus pulmonarius, produced only laccase and manganese 
peroxidase in basal medium. After the addition of PCP, both laccase and MnP 
activities were induced and changed with incubation time. The optimal PCP 
concentration for highest ligninolytic activity, specific enzyme activities and enzyme 
productivities was 0.3 mg PCP/ g mycelium (fresh weight). The induction fold of 
laccase was much greater than that of MnP. Depletion of PCP was in phase with 
increasing laccase activities. Owing to the induction by PCP and the positive 
correlation between enzyme activity and PCP degradation, laccase may be the 
primary enzyme in response to PCP stress and responsible for PCP breakdown. 
Therefore, laccase was chosen as a target enzyme for further genetic analysis. 
Three partial fragments of laccase cDNA (Lacl-Lac3) were cloned by reverse 
transcriptase-polymerase chain reaction (RT-PCR) cloning strategies. The cloned 
ii 
sizes for Lad , Lac2 and Lac3 were about 1100，1000 and 600 bp respectively. The 
nucleotide sequence identity between the three laccase cDNAs was from 89 to 95% 
whereas the corresponding amino acid sequence identity in a common length of 200 
amino acids was from 98 to 99%. 
Lad , Lac2 and Lac3 showed differential expression under PCP stress. Lad and 
Lac2 showed a high expression under PCP stress in the first two hours. Five 
compounds were added to the mycelial culture to determine whether they could 
modulate the laccase production and gene expression. Except veratryl alcohol, the 
other compounds (copper, manganese, phenanthrene and 2,5-xylidine) tested induced 
the Lac3 expression and raised the laccase production but to a lesser extent. By SDS-
PAGE, the three laccases seem to be of similar size at 40 KDa. In contrast, solid-
state-fermentation using straw-based compost induced expression of all three laccase 
genes and production of laccase. Lad and Lac2 showed high expression during the 
mycelial running stage and decreased after fruiting. In contrast, Lac3 expression was 
the highest at the fruiting stage. Therefore, solid-state fermentation which is 
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1. Introduction 
1.1 Ligninolytic enzyme systems 
General description 
Lignin is an abundant natural product whose function in nature is to provide 
structural support for plants and may account for up to 25% of the dry weight of 
woody plants (Temp et al., 1999). Because of the importance of wood and other 
lignocellulosics as a renewable resource for the production of paper products and 
others, researches on fungal biodegradation of lignin are increasing. Unlike most 
biopolymers (i.e. cellulose, protein, DNA), monomers in lignin are not held together 
by regularly repeating linkages (i.e. glucosidic bonds, amide bonds, phosphodiester 
bonds). Instead, arylprophy monomers of lignin are held together in a three-
dimensional array by a variety of seemingly random carbon-carbon and carbon-
oxygen bonds. Further, the free radical process by which lignin is formed is not 
stereospecific. Thus, several enationmeric configurations of chiral carbons exist in 
lignin. All these facts combine to make lignin a very difficult polymer to degrade 
because any process which causes substantial biodegradation of lignin must be both 
nonspecific and non-stereoselective. Indeed, most microorganisms do not have 
substantial ability to degrade lignin (Kirk & Farrell, 1987; Bumpus, 1998). 
The white-rot species are unusual among microorganisms because they can 
mineralize native lignin into carbon dioxide and water (Rajarathnam et al., 1999). 
White-rot species like Phanerochaete chrysosporium produced numerous 
extracellular lignin peroxidase(s) and/or manganese peroxidase(s) which were able to 
initiate the depolymerization and degradation of lignin and, its oligomers and 
monomers (Breen & Singleton, 1999). Phenol oxidases such as laccase, present in 
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many white-rot species but not in P. chrysosporium, are also thought to participate in 
the oxidative degradation of lignin. Thus recently the brown rot fungi producing 
laccases are found to be able to degrade lignin to a certain extent. Lignin peroxidase 
uses H2O2 as a terminal acceptor of electrons removed from lignin or other substrates, 
while laccases use oxygen (Bumpus, 1998; Breen & Singleton，1999; Rajarathnam et 
al., 1998). 
The most extensive studied model for lignin degradation, Phanerochaete 
chrysosporium, a white rot fungus known for its ability to degrade lignin, could also 
degrade several environmentally persistent organic pollutants to carbon dioxide. 
Although observations of aromatic pollutants breakdown by white-rot fungi date 
back 30 years, the connection of this process with ligninolytic metabolism was noted 
more recently, when several groups observed that the basidiomycete Phanerochaete 
chrysosporium degrades benzo[a]pyrene, DDT, chlorinated anilines, various 
alkylhalide insecticides and a polychlorinated biphenyl mixture under culture 
conditions promoting the expression of ligninolytic metabolism (Bumpus et al., 
1985). The ability ofR chrysosporium to degrade most organopollutants correlates 
closely with its ligninolytic activity or lignin-modifying enzyme activities in culture. 
Both processes depend on secondary (idiophasic) metabolism, which is triggered by 
nutrient starvation and the cessation of cell growth (Bumpus et al., 1985). The 
following parts focus only on oxidation, which shows clear mechanistic connections 
with ligninolytic metabolism. 
Lignin biodegradation by white-rot flingi is an oxidative process. H2O2 may 
be involved. The lignin-degrading system and enzymes involved have been studied 
quite extensively in P. chrysosporum. When actively degrading lignin, this fungus 
produces extracellular H2O2 by another enzyme system(s) and a number of 
2 
peroxidases (LiP and MnP) that were able to oxidize several lignin model 
compounds. One of the peroxidases designated, lignin peroxidase (LiP), was found 
to be induced by veratryl alcohol which is synthesized de novo by the fungus during 
its ligninolytic phase. The enzyme is distinctly assayed by the oxidation of veratryl 
alcohol to veratraldehyde in the presence of H2O2. In the same fungus, many 
enzymes have been proposed for H2O2 generation, including intracellular enzymes 
such as glucose oxidase and glucose-2-oxidase (Rajarathnam et al., 1998). 
1.2 Three main ligninolytic enzymes 
1.2.1 Lignin peroxidases (LiP) 
General properties (Rajarathnam et al., 1998; Breen and Singleton, 1999) 
LiP of R chrysosporum is a heme-containing glycoprotein secreted during 
secondary metabolism as a response to nitrogen limitation. LiPs are strong oxidizers 
capable of catalyzing the oxidation of phenols and aromatic amines, aromatic ethers 
and polycyclic aromatic hydrocarbons. Table 1.1 shows different substrates that 
have been degraded by LiPs. The reaction is oxidative, requiring the presence of 
hydrogen peroxide, and the enzyme acts by releasing highly reactive, transient free 
oxygen radicals which then react with parts of the lignin molecule, breaking covalent 
bonds and releasing a range of mainly phenolic compounds characteristic of lignin 
breakdown. 
From the chemical nature of the fragments produced when the enzyme acts 
on a synthetic lignin-like dimeric molecule, one of the principal reactions in fungal 
ligninolysis is oxidative Ca-Cp cleavage of the lignin propyl side chain (Figure 1.1) 
(Kirk and Farrell, 1987). For instance, the principal arylglycero-P-aryl ether 
structures, which comprise 50 - 60% of the total polymer lignin, are cleaved in vivo 
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to give Ca-benzylic aldehydes. LiPs ionize their aromatic substrates to give aryl 
cation radicals acting in effect as minute mass spectrometers. These cation radicals 
then undergo a variety of non-enzymatic reactions, including nucleophilic attack by 
water in the case of some simple aromatics or carbon-carbon bond fission in the case 
of phenylpropane models imitating natural lignin substrates. The initial steps of 
fungal ligninolysis thus result from enzymatic one-electron oxidations of lignin. 
The enzyme does not require steric specificity. Instead of a combination 
between the enzyme and its substrate being needed, the substrate is bombarded with 
free radicals generated by the enzyme. The fungal ligninolysis is called "enzymatic 
combustion" as the reaction will continue to proceed once free radicals are generated 
in the very beginning (Kirk and Farrell, 1987). Enzyme systems have been found in 
fungi, which will do this by oxidizing glyoxylated glucose or alcohols (Bumpus, 
1998, Rajarathnam et al., 1998). This explanation for lignin decay is attractive 
because it accounts for the hitherto mysterious necessity for close contact between a 
hypha and its substrate. This is obviously essential where attack is due to a very 
short-lived free radical generated by the hypha (Breen and Singleton, 1999). 
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Table 1.1 The types of reactions catalyzed by lignin peroxidases (Leisola et al., 1985; 
Kersten et al., 1985; Haemmerli et al., 1986; Bumpus and Brock, 1988; Hammel and 
Tardone, 1988; Mileski et al., 1988; Chang and Bumpus, 1993). 
Substrates Products Reactions 
2,3,5,6-tetrachloro-2,5-cyclohexa-
Pentachlorophenol Oxidative dechlorination 
1,4-dione 
Benzo[a]pyrene-l ,6-quinone 
Benzo[a]pyrene Benzo [a]pyrene-3,6-quinone Oxygenation 
Benzo[a]pyrene-6,12-quinone 
N,N’N,N,，,N，，-
Crystal violet N-Demethylation 
Pentamethylpararosaniline 
1,4-Dimethoxybenzene 1,4-Benzoquinone 0-Demethylation 
A complex mixture of dimers, 
4-Chloroaniline S-Oxygenation 
trimers, and tetramers 
Cis-and trans-lactone aromatic ring 
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Figure 1.1 A linear region of softwood lignin, showing the major aryl glycerol-P-
aryl ether structure of the polymer and principal sites of fungal side-chain cleavage 
(modified from Kirk and Ferrell, 1987). 
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1.2.2 Gene structure and Amino acid sequence structure 
LiPs have been found in various fungi such as P. chrysosporium, Trametes 
versicolor (Martinez, 2002). LiP contains different isozyme forms which are encoded 
by a gene family. For instance, R chryosporium strain BKM-F-1767 contains 10 LiP 
{lip A-J) genes for three linkage groups (Cullen, 1997). Homology analysis of 
different LiPs shows identity from 53 to 98.9%. A highly conserved region was 
found in the heme ligand (His204 in lipA) and the distal arginine (Arg71) and 
histidine (His75), which were believed to contribute to peroxidase activity (Cullen, 
1997). At least six LiP isozymes were resolved using liquid chromatography. The 
LiPs range in size from 38 to 43 kDa, and they have different isoelectic points and 
different substrate specificities (Broda et al., 1996). By V8 proteolysis, LiP proteins 
can be divided into three groups. LiPH8-type isozymes are encoded by six putative 
genes. Many P. chrysosporium LiP genes contain proline rich carboxy terminus. The 
crystal structure of LiP shows 20% identity with cytochrome c oxidase. The opening 
of a LiP to the heme edge is much smaller than those in other perxoidases but it may 
still fit to small molecules such as veratryl alcohol (Poulos et al., 1993). An 
environment of hydrophobic residues at this opening may provide primary contact 
between the aromatic substrate and the protein (Poulos et al., 1993; Schoemaker et 
al., 1994). Doyle et al. (1998) proposed another substrate interaction site, located at 
Trpl71. Replacement of Tip 171 by site-directed mutagenesis resulted in loss of the 
veratryl alcohol oxidizing activity (Doyle et al., 1998). Interestingly, engineering of a 
tryptophan at the corresponding site in a MnP resulted in an enzyme which could 
oxidize veratryl alcohol (Timofeevski et al” 1999). 
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1.2.3 Regulation of expression 
LiP expression is triggered in situations of carbon, nitrogen and sulphur 
limitation in P. chrysosporium (Martinez, 2002). Putative xenobiotics response 
elements, and an element involved in cyclic AMP-mediated response were found in 
LiP genes. An activator protein-2(AP-2)-like transcription factor involved in 
inducing the gene expression during N limitation has been proposed (Dhawale, 1993). 
A consensus sequence with unknown function was also identified in upstream 
regions of 11 out of 15 LiP-encoding DNA sequences (Broad et al., 1996). 
1.3 Manganese peroxidase 
1.3.1 General Properties 
Manganese peroxidase (MnP, EC 1.11.1.7) occurs in most white-rot fungi. 
MnPs are glycosylated, heme-containing enzymes that functionally require H2O2. 
These manganese dependent peroxidases function by oxidizing Mn^^ to Mn^^ (Figure 
1.2). Mn-peroxidases (MnPs) are capable of producing H2O2 from reductants such 
as glutathione (GSH) using O2 as an oxidant (Rajarathnam et al； 1998; Breen and 
Singleton, 1999). The redox potential of Mn^ "" is theoretically strong enough to 
catalyze ligninase-like reactions under physiological conditions. An enzymatically 
generated oxidized manganese species acting as an active, diffusible agent in lignin 
biodegradation is an attractive concept—especially because of the size advantage of 
manganese over enzymes in penetrating lignocellulosic complexes (Breen & 
Singleton, 1999). The ligninolytic activity of the lignin degrading Lentinula edodes 
(syn. Lentinus edodes) was shown to be dependent on manganese (Rajarathnam et al., 
1998). It has been demonstrated that MnP in L. edodes in the presence of Mn^ "" 
could also catalyze the oxidation of veratry alcohol. The reaction was greatly 
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stimulated by GSH. It is also suggested that chelated Mn^^ and lignin peroxidases 
may act in concert achieving a synergistic lignin degradation (Rajarathnam et al., 
1998). 
The involvement of MnP in the oxidative degradation of several important 
pollutants like pentachlorophenol and other toxic chlorinated compounds is well 
documented (Okeke et al,, 1994; Hofrichter, et al., 1998; Crestini et al., 2000). Table 
1 1 shows different environmental pollutants which are degradable by MnPs. 
1.3.2 Gene structure and Amino acid sequence 
Different sequences of MnPs have been reported, and several MnP sequences 
such as those of T. versicolor and R ostreatus were found to be closely related to the 
LiPs, which is so called “versatile peroxidase" (Duenas et al., 2001). Multiple 
sequence alignments reveal conserved residues which help distinguish MnPs and 
LiPs. Three residues adjacent to the proximal His (e.g. Asp 193, Trpl99, Ala203 
based on lipA) as well as Leull5 and IlellS are invariant in all LiP genes, but they 
differ in MnP genes (Cullen, 1997). Similar to LiP, determination of the crystal 
structure of MnP reveals that the putative site for Mn^^ is hexacoordinated to the 
carboxylate oxygens of Glu35, Glu39 and Asp 179, a heme propionate oxygen and 
two water oxygen (Martinez, 2002). A similar site was also found in the modeled 
structure of the Mn-binding peroxidase of R eryngii. The participation of these 
residues in Mn^^ binding by MnP was confirmed by site-directed mutagenesis 
(Whitwam et al, 1997). The presence of structural calcium is also a crucial 
characteristic of extracellular peroxidase. Ca^^ binding may be important for enzyme 
stability and may play an important role in maintaining the structural environment of 
active sites (Band, 1997). 
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Malonate Mn (III) 
Y Y d M n P . H20 
Ligninox Mn(II) 
Figure 1.2 An action mechanism ofMnPs. MnP oxidizes Mn (II) to Mn (III). Mn(III) 
will then react with bidentate organic acid chelators such as malonate to form a 
complex capable of oxidizing phenolic residues in lignin (modified fVnm Archibald 
et al., 1997). OX, oxidized state. 
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Table 1.2 Uses of fungal manganese peroxidases in treating different types of 
organopollutants. 
Substrates (degradation & 
Enzyme References 
detoxification) 
Manganese peroxidase 2,4-dichlorophenol Valli and Gold, 1991 
4,4'-dihydroxybiphenyl Valli and Gold, 1991 
2,5-dimethoxybenzene Valli and Gold, 1991 
2,4-dinitrotoluene Valli and Gold, 1991 
Lignin Crestini et al.，2000 
Pentachlorophenol Okeke et al., 1994 
Phenanthrene Hammel et al, 1992 
Phenols Duran & Esposito, 2000 
Phenol red Kuwahara a/., 1984 
Poly R-481 Kuwahara et al., 1984 
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1.3.3 Regulation of Expression 
Regulation of MnP expression varies among different species. For instance, 
high MnP expression of R chrysosporium was observed in N limitation and high Mn 
concentration (Broda et al., 1996). Even members of the gene family are 
differentially regulated at the level of transcription. H2O2，chemical agents, oxygen 
also regulate MnP expression (Martinez, 2002). For Pleurotus spp., MnPs are 
regulated by Mn and oxidative stress (Gettemy et al., 1998). Interestingly, Mn^ "" 
repressed peroxidase of T. versicolor (Collins et al., 1999). Like LiP, heat shock and 
metal response element were found in the promoter site of MnP genes (Lobos et al., 
1998). 
1.4 Laccase 
1.4.1 General Properties 
Laccase (benzenediol:oxygen oxidoreductases，EC 1.10.3.2) is a blue copper 
oxidase which catalyzes the 4-electron reduction of molecular oxygen to water 
during its oxidation of phenolic, aromatic amines, ascorbate and metal cyanides 
(Breen and Singleton, 1999). Laccase may interact directly with phenolic 
components of lignin or, in the presence of a “mediator” compound, react with a 
broader range of substrates (Figure 1.3). The existence of mediators was postulated 
because of the fact that purified laccases cannot react directly with the intact fibrous 
cell wall (Breen & Singleton, 1999). This indicates that another component was 
necessary and mediators were hypothesized to be low molecular weight “oxidizing 
vehicles，，secreted by fungi. A mediator, e.g. 2,2'-azinobis-(3)-ethylbenzythiazoline-
6-sulphonate (ABTS), is a co-substrate, which functions as a diffusable lignin-
oxidizing agent. 
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Lignin ox , . Laccase 
(Phenolic residues) iK \ / 
Lignin Laccase ox ^ 
化、 Mediator 
T ：„„；„ Laccase Y ¥ 
V y Mediator �L a c c a s e �J Y h . O 
Figure 1.3 The action mechanisms of laccase on lignin under (a) a direct interaction 
and (b) with the aid of mediator. OX, oxidized state (modified from Breen & 
Singleton, 1999). 
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1.4.2 Gene structure and Amino acid sequence 
Laccases are encoded by gene family, and multiple laccase genes are 
possessed in one fungal strain, e. g. P. ostreatus, T. versicolor (Giardina et al” 1995). 
Overall identity of these laccase sequences may be low, but high conservation was 
found in copper-binding domains (Zhao and Kwan, 1999). The regulation of laccase 
expression differs substantially among species. High nitrogen and carbon contents 
can induce expression of laccase of P. sajor-caju but repress laccase expression of P. 
radiata (Cullen, 1997). Aromatic compounds such as 2,5-xylidine were found to 
induce laccase expression (Soden and Dobson, 2001). Heavy metals such as copper 
or cadmium were found to induce laccase expression of P. ostreatus and T. 
versicolor (Baldrian and Gabriel, 2002). Putative xenobiotic response element and 
metal response element were found in the promoter site of a laccase (Baldrian et al, 
2000). 
The possible application of laccases in the detoxification of various aquatic 
and terrestrial pollutants and in the treatment of industrial waste waters has been 
advocated (Rajarathnam et al., 1998; Breen and Singleton, 1999). Ullah (2000) 
reported that a complete removal of PCP by laccase at 25 ^ig/ml had been observed 
after 72 hours. Amitai (1998) found that fungal laccase showed complete and rapid 
oxidative degradation of organophosphorus insecticides. Table 1.3 shows different 
xenobiotics which are degraded by laccases. Apart from uses for bioremediation, 
laccase has potential uses in beverage treatment and as a biosensor (Gianfreda et al., 
2000). 
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Table 1.3 Uses of fungal laccases in treating different types of organopollutants. 
Enzymes Substrate referece 
Laccase Pentachlorophenol Ullah et al., 2000 
phenylurea pesticide Jolivalt et al., 2000 
Phenol Lante et al., 2000 
Textile dye Abadulla et al., 2000 
Olive mill water D'Annibale et al., 2000 
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1.5 Pentachlorophenol (PCP) 
1.5.1 Production 
Chlorinated phenols are common active ingredients in biocides. Both the 
halogen group and the aromatic nature made this group of compounds toxic to most 
organisms. Pentachlorophenol (PCP), belonging to chlorinated phenols, has been 
widely used but now banned in most countries (Litchfield & Rao，1998). PCP was 
introduced in the U.S.A. in 1930s. The production of PCP, which was mainly used 
as a wood preservative in United States during the 1980s，was estimated to be 23 
million/kg/y (Hattemer-Frey & Travis, 1989). Initially it was only used as a wood 
preservative, but new applications were quickly discovered. Due to its general 
toxicity and solubility in organic and inorganic solvents, PCP acquired new uses as a 
fungicide, bactericide, herbicide, algicide and insecticide (Haggblom & Valo, 1995). 
Since 1960s，large amounts of PCP (approx. 5.5 million/kg/y) have been sprayed 
over vast areas of central China as a molluscicide to control Schistosomiasis 
(Schecter et al., 1996). Because of its widespread use, general toxicity and 
persistence in the environment, residues of PCP have been found in streams, 
groundwater and drinking water (Larson et al., 1997). 
1.5.2 Toxicity 
PCP is a toxic compound in EPA toxicity class 11. Owing to its toxic nature, 
it is on the list of priority pollutants defined by the US Environmental Protection 
Agency (http://www.epa.gov). It is also classified as a group B2 compound, which is 
a probable human carcinogen. 
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Table 1.4 Toxicity categories for pesticides (Skeers & Morrissey，1995， 
http://www.epa.gov). 
Toxicity Categories (Signal Words) 
I n m IV 
(Danger-Poison) (Warning) (Caution) (Caution) 
Oral LD50 mg/kg 50-500 500-5000 > 5 0 0 0 ^ 
Inhalation LD50 mg/1 < 0 . 2 0.2-2 2 -20 > 2 0 
Dermal LD50 mg/kg <200 200-2000 2,000-20,000 > 20,000 
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Table 1.5 Standards and criteria for protection of human and aquatic organism 
health for pesticides targeted in surface water (Larson et al” 1997; see website: 
http://www.epa.gov). Concentrations are in microgram(s) per liter (昭/1) (nsg no 
standards given) 
Human Health Aquatic organism Health 
HA(C) USPEA 
MCL � MCLG(b) SNARL(e) NAS 
Child Adult Acute Chronic 
PCP 1 0 300 220 21 20 13 nsg 
(a) MCL, Maximum contaminant level for drinking water established by the U. S. 
Environmental Protection Agency (USEPA) 
(b)MCLG, Maximum contaminant level goal for drinking water established by the 
USEPA (equal to zero for known or probable human carcinogens) 
(c) HA, (Child, long term), Health advisory level for drinking water established by 
the USEPA (for a 10kg child over a 7-year exposure period and for a 70kg 
individual over a 70-year exposure period) 
(d) SNARL, Suggested No-Adverse-Response Level for drinking water established 
by the National Academy of Science (NAS) 
Both HA & SNARL values represent estimates of the maximum level of a 
contaminant in drinking water at which no adverse effects would be expected. 
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PCP is a Restricted Use Pesticide (RUP) in its formulations as a wood 
preservative, but a General Use Pesticide (GUP) for other purposes. Potential human-
exposure routes of routine concern for PCP are inhalation, dermal contact and oral 
ingestion. PCP is moderately toxic via the oral route, with the reported oral LD50 
values for various formulations ranging from 27 to 211 mg/kg in rats (Kamrin, 1997). 
It is classified as a toxicity category II pesticide with the signal words "warning" 
according to USEPA (Table 1.4). The reference dose (RfD) of PCP to human is 0.03 
mg/kg/d. For inhalation perspective, the EPA permissible exposure limit (PEL) of 
0.5 mg/m^ causes respiratory discomfort in most individuals (Kamrin, 1997). The 
standards and criteria for protection of human and aquatic organisms' health from 
pesticides in surface water are shown in Table 1.5. 
1.5.3 Persistence of PCP 
PCP is highly non-specific and is a broad spectrum biocide (Tanjore & 
Viraraghavan, 1996). Thus non-target organisms or even beneficial organisms may 
be killed. The action mechanism of PCP is by uncoupling oxidative phosphorylation 
by making cell membranes permeable to protons, resulting in dissipation of 
transmembrane proton gradients and consequential electrical potentials (McAllister 
et al, 1996). Besides, PCP is considered to be relatively resistant to biodegradation 
due to the high chlorine content of the molecule. The recalcitrance of chlorophenols 
including PCP can be attributed to its chemical structure (Apajalahti & Salkinoja-
Salonen, 1984). Owing to the presence of ortho-chlorine atoms relative to the 
hydroxyl functional group, the formation of catechol analogues is prevented. Thus, 
the principal route of oxidative aromatic ring cleavage is blocked and as a result 
biodegradation is inhibited (Apajalahti & Salkinoja-Salonen, 1984). Besides, 
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chlorine atoms at the 3 or 5 meta position were sterically hindered from enzymatic 
dehalogenation (Litchfield & Rao, 1998). In the environment, PCP can be degraded 
through the action of micro-organisms (Chiu et al., 2000). However PCP is 
frequently resistant to microbial attack because of the toxicity of the compound, 
insufficient populations of PCP-degrading microorganisms or prevailing 
environmental chemical (e.g. low available carbon and nitrogen levels) or physical 
conditions (e.g. temperature, pH, salinity) inhibiting the indigenous degradation 
processes (Valo et al., 1985; Chiu et al., 1998). Due to its toxicity and persistency in 
the environment, many countries including Sweden, Finland, Germany, North 
America and Japan have banned the use of PCP as a wood preservative (Chiu et al., 
1998; Litchfield & Rao, 1998). 
Table 1.6 summarises the physical and chemical properties of the selected pesticide 
in this thesis. PCP is a hydrophobic compound with low water solubility, low vapour 
pressure and strong sorption tendencies (Homsby et al., 1995). A pesticide with a 
half-life in soil of less than 30 days is considered as non-persistent, whereas 
pesticides with a half-life over 100 days are regarded as persistent (Biiyuksonmez et 
al； 1999). The half life of a pollutant is the amount of time for 50% of it to be 
degraded. The half-life of PCP in soil was up to 178 days (Larson et al,, 1997) and 
thus is persistent in the soil environment. The half-life of PCP in water system was 
also up to 200 days (Larson et al., 1997). About 48% of PCP will eventually end up 
in terrestrial soil; about 45 % will end up in aquatic sediments and a small portion of 
5.3 and 1.4% will end up in water and air respectively 
(http://www.mail.odsnet.com/TRIFacts/292.htm). 
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Table 1.6: The physical and chemical properties of pentachlorophenol (Mateen et al., 
1994; Homsby, 1995; Larson et al., 1997) 
Chemical/ physical properties of PCP 
Molecular weight 266.35 
Boiling point f C ) 310 
Melting pointfC) 190-191 
Water solubility at RT (mg/1) 11-14 
Sorption coefficient K c^ 3000-4000 in sediment 
Up to 178 in soil 
Field half-life (days) 
Up to 200 in water 
Vapour pressure at RT (mm/Hg) LlxlO'"^ 
OralLDso (mg/kg) Male: 146; 
Female: 175 
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1.6 Oyster mushroom 
The chief mushroom varieties produced are the champignon {Agaricus 
bisporus), shiitake {Lentinus edodes) and the oyster mushrooms {Pleurotus ostreatus 
and other species) (Suguimoto et al, 2002). Pleurotus spp. (such as P. pulmonarius, 
P. ostreatus, P. sajor-caju) alone account for more than 800000 tonnes of mushroom 
produced world-wide annually (Chiu et al., 2000). They are the second or the third 
most important cultivated mushroom for food purposes. The genus Pleurotus 
comprises a group of edible ligninolytic mushrooms with medicinal properties and 
important biotechnological and environmental applications (Cohen et al., 2002). 
Nutritionally, these mushrooms possess unique flavor and aromatic properties; and 
they are considered to be rich in protein, fiber, carbohydrates, vitamins and minerals 
(Moore & Chiu, 2001). Pleurotus spp. are promising as medicinal mushrooms, 
exhibiting hematological, antiviral, antitumor, antibiotic, antibacterial, 
hypocholesterolic and immunomodulation activities (Chiu et al., 2000). Yet 
Pleurotus spp. are exploited for their ligninolytic systems for a variety of 
applications, such as the bioconversion of agricultural wastes into valuable products 
for animal feed and other food products and the use of their ligninolytic enzymes for 
the biodegradation of organopollutants, xenobiotics and industrial contaminants 
(Dobson and Soden, 2001). Unlike P. chrysosporium, Pleurotus pulmonarius 
expresses high levels of ligninolytic enzyme potential at N-rich and N-deficient 
conditions (Chiu et al” 1998). Furthermore, this mushroom can remove PCP by 
biosorption and biodegradation (Chiu et al., 1998). Even its spent mushroom 
compost shows degradative potential towards PCP (Chiu et al., 1998). 
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1.7 Application of ligninolytic enzymes in bioremediation 
The main burden to the application of ligninolytic enzymes in bioremediation 
is its high cost (Duran & Esposito，2000). The high cost of application is mainly due 
to the low production yield (Stewart et al, 1996) and instability of ligninolytic 
enzymes (Hublik et al, 2000) in aqueous state. Table 1.7 shows the prices of some 
commercially available fungal enzymes. Therefore, the application of ligninolytic 
enzymes in bioremediation should include a piece of information on specific 
enzymes and their genes taken part in the degradation of target pollutant and the 
information on the downstream processes for applications. The downstream 
processes include three major stages to increase the cost-effectiveness of application 
of ligninolytic enzymes in bioremediation. 
In the production stage, the production of ligninolytic enzymes would be 
optimized in order to increase the production and lower the cost. In the processing 
stage, the enzymes would be purified in order to assure the quality of ligninolytic 
enzymes, reduce loss of enzymes and store the enzymes properly. In the operation 
stage，immobilization of enzymes, enzymes properties and stability would be 
investigated in order to optimize the operation condition of ligninolytic enzymes, 
lengthen the enzyme life and lower the operation cost. 
1.7.1 Genetic modification 
The objectives of genetic modification are to maximize enzyme production 
(Yaver et al., 1999) or positively alter the enzyme properties in the host system 
(Berka et al., 1997). This can be achieved by using a constitutive promoter (Gelpke 
et al” 1999) or choosing an efficient host (Conesa et al” 2000). There are two major 
but different expression systems: heterologous and homologous systems. 
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Table 1.7. The prices of some commercially available enzymes (Duran & Esposito， 
2000). 
^ 1 r Prices (US$ for Brand name Enzymes 1 o,OOOunits) 
TienZyme™ Mn-peroxidase 7 500 
(www.TIENZYME.com) {Phanaerochaete. chrysosporium) ， 
Lignin peroxidase 1 • qoO 
{Phanaerochaete. chrysosporium) ’ 




S i ^ a Aldrich Laccase (Rhus vermiferd) 62.5 (www.sigma-aldnch.com) \ " / 
Peroxidase (Horseadish) 240 
Tyrosinase (Mushroom) 17 
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The heterologous system includes Baculovirus system (Johnson et al, 1991)， 
bacteria (Nie et al” 1998) and fungi (Li et al, 2001). A Baculovirus system can 
produce functional ligninolytic enzymes but at high cost and low efficiency. A 
bacteria system can only produce malfunctioned ligninolytic enzymes due to the lack 
of a suitable post-translational modification (Nie et al., 1998). The bottleneck is at 
the translational/posttranslational level (Stewart et al., 1996). A homologous system 
can produce ligninolytic enzymes and in similar yield (Gelpke et al., 1999). 
Recently, the most popular expression system is heterologous expression 
using filamentous fungi Aspergillus sp. as a host. It produced higher amount of 
ligninolytic enzymes at nearly 100 mg laccsae enzymes per litre, and this is 20 fold 
higher than the original host (Yaver et al., 1999). The recombinant enzyme possesses 
similar enzyme properties (Berka et al., 1997) due to the similar post-translational 
modifications in the original and recombinant hosts. This system is efficient to 
produce ligninolytic enzymes (Berka et al., 1997; Conesa et al., 2000). 
Supplementation such as addition of hemin and hemoglobin significantly increases 
peroxidase production, because hemin is essential for peroxidase production, and 
haemolgobin may protect rMnP from protease (Conesa et al.’ 2000). Lowering 
protease activity to increase the stability of the recombinant enzyme can be achieved 
by creation of a deletion mutant of the protease encoding gene of the host system 
(van den Hombergh et al” 1997). 
1.7.2 Characterization of enzymes properties 
Different properties such as molecular weight, degree of glycoslyation, 
absorption spectrum, kinetic properties, and substrate specificity would be routinely 
tested for an enzyme (Saparrat et al., 2002). Besides, the effects of environmental 
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parameters such as pH, temperature, and storage time on enzyme activity and 
stability would be investigated. The enzyme property and stability are very basic and 
very critical for the development of uses of ligninolytic enzymes. 
1.7.3 Ligninolytic enzymes Purification and extraction 
Enzyme purification protocols have been developed for a long time and 
routinely used (Saparrat et al., 2002). First of all, a production culture would undergo 
filtration or centrifugation to remove suspended particles. The extracellular enzymes 
would then be precipitated and redissolved in a minimal amount of phosphate buffer. 
The concentrate would pass through two sets of liquid chromatography (e.g. size-
exclusion, ion-exchange) and at each step, specific enzyme activity would be 
measured (Leitner et al., 2002). An improved purification process can significantly 
decrease the cost of the application. 
1.7.4 Immobilization of ligninolytic enzymes 
There are many advantages of enzyme immobilizaiton. Firstly, it can increase 
stability (D'Annibale et al, 2000). It can prevent thermal, pH denaturation and 
prevent proteolysis and inhibitors. Also, it can reduce loss of enzymes during 
operation and thus decrease operational cost and increase efficiency (Duran, 2000). 
There are different immobilization methods of ligninolytic enzymes. Physical 
adsorption is a weak physical interaction between the enzyme and the support matrix. 
The method is cheap, easy to do but would result in high desorption rate. Adsorption 
of ligninolytic enzymes to a porous glass was reported (Leonowicz et al., 1988). 
Another method is entrapment in alginate beads which confine enzymes 
within the lattices of polymerized gels (Abdulkareem et al., 2000). This method is 
26 
easy, causes no disruption towards the enzyme. Entrapment of a ligninolytic enzyme 
in organic gels has been reported (Crecchio et al., 1995). The third method is 
covalent binding method (the most popular method) which involves the formation of 
covalent bonds between the enzyme and the support matrix (D'Annibale et al., 2000). 
It is easy, suitable for substrates of a wide range of molecular weights, and causes no 
desorption. Immobilization of laccase in Eupergit C has been reported (Hublik et al., 
2000). Oxirane groups of the support matrix bind with the functional groups of 
laccase. This can maintain nearly 100% activity after 1 week. 
Merits 
Production Optimization of enzyme production • Increase 
• production 
• • Lower cost 4 i 
Purification of enzyme • Quality assurance 
processing • Reduce loss of 
Jm enzymes 
• • & Proper Storage 
Immobilization of enzymes • Optimize operation 
condition of enzymes 
Operation Enzyme properties and stabilities • Lengthen enzyme 
half-life 
• Lower operational cost 
Figure 1.4. Downstream processes and application of ligninolytic enzymes. 
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Table 1.8. Examples of different expression systems for ligninolytic enzymes. 
Original New Expression Promoter yield Enzymes References 
host vector mg/1 properties 
producer 
Pc pAN52 Glucoamylase 100 Similar to Conesa et 
MnPl A.niger native al., 2000. 
enzymes 
PcLip E. coli pET21a IPTG-T7 3.4 Need post- Nie et al, 
H2 (+) promoter translational 1998. 
modification 
Pc Lip Pc pUGL GPD 2 Identical Gelpke et 
H8 properties al, 1999. 
Cc Lac A.oryzae pKS4 a-Amylase 8- Similar to Yaver et 
1 135 native al., 1999. 
enzymes 
Abbreviations: Pc: Phanerochaete chrysosporium; Cc: Coprinus cinereus 
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1.8 Fermentation 
1.8.1 Different types of fermentation 
Fermentation is a biological process in which a microorganism and its 
substrate are incubated in a controlled environment to produce desirable products 
such as proteins, enzymes or other metabolites. The fermentation process can be 
divided into submerged fermentation and solid-state fermentation as the major types. 
1.8.1.1 Submerged fermentation (SF) 
Submerged fermentation is the microbial process in which a microorganism 
grows in a liquid medium. There are two types of submerged fermentation, batch 
culture and continuous culture fermentation (Zeng, 1995). In the batch culture system, 
most of the materials are charged into the fermenter, decontaminated before the 
process starts and then removed. During the process, conditions are continually 
changing with time. The fermentation is an unsteady state system. Batch systems are 
always limited to small-scale. The main advantage of this kind of fermentation is low 
cost, but this kind of system suffers from different problems such as low productivity, 
lack of adaptive monitoring and control of environmental parameter such as pH. 
Comparing with batch culture, a continuous culture system has a well-defined 
environmental conditions and constant biomass content by controlled addition of the 
growth medium, gases and controlled outlet. The environmental parameters such as 
gas content, nutrient content, are precisely monitored so that different adaptive 
control can be applied to maintain the growth condition. From application point of 
view, the continuous culture would have high productivity, uniform product quality, 
better automation and process control, can be used for characterization of scale-up 
process. In today's biotechnological applications, continuous operation is fully 
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established in wastewater treatment, production of some primary metabolites and 
fermented foods and for some reactions catalyzed by enzymes (Sato & Sudo, 1999). 
Suspended and stirred tank-fermentation is the most commonly used 
industrial fermentation (Sato & Sudo, 1999). It provides an efficient agitation to 
maintain homogeneity of the culture volume by rapid dispersion of injected gases 
and liquids and transfer of heat for temperature control. However, it is not suitable 
for shear-sensitive organisms and some animal cells. Thus it drives the development 
of air-lift fermentor and other designs of fermentors. Another popular continuous 
fermentation is packed bed system. It is for anchorage dependent and slow growing 
animal cells. In this system nutrients and gases are predissolved in a growth medium 
in a mixing and reservoir vessel, passes the packed bed, re-circulated back to the 
reservoir for replenishing nutrients, gases, and pH and temperature control. Yet a fast 
flow rate would cause sloughing of cells. Fed-bed systems are widely used for 
producing enzymes and vims particles. 
There were many examples of uses of submerged fermentation for production 
of ligninolytic enzymes. Batch fermentation was the most frequently used for study 
of genetics and production of ligninolytic enzymes (Baldrian and Gabriel, 2002). 
Other examples of uses of submerged fermentation are summarized in Table 1.9. 
1.8.1.2 Solid State Fermentation (SSF) 
SSF is a microbial process in which a solid material is used as the substrate or 
the inert support of microorganisms growing on it (Sato and Sudo, 1999). 
Traditionally, SSF has commonly been applied in the process include composting, 
mushroom cultivation and the production of foods (Moore & Chiu, 2001). The basic 
differences between SSF and submerged fermentation include difficulty in agitation, 
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lower moisture content, uses of natural materials instead of synthetic medium in 
submerged fermentation. The advantages of SSF include resistance to bacterial 
contamination, low energy cost, high yield (Moore & Chiu, 2001). The 
disadvantages of SSF include difficulties in agitation and temperature control and 
contamination by fungi and other microorganisms as well as the not fully 
understanding of factors underlying high production. Recently, SSF has been used 
for production of enzymes (cellulase, a-amylase), primary and secondary 
metabolites (citric acid, antibiotics) and others useful substances. It was reported that 
in some cases, SSF has a greater yield than the SF, although the reasons are unknown. 
Like SF, environmental parameters of SSF such as temperature, moisture content, 
and biomass growth are carefully controlled to optimize the product yield. 
Fermentors in SSF can be divided into different types. Tray fermentors are 
simple and widely used in traditional SSF. This is done with stationary trays with no 
mechanical agitation. Much labor is required for handling the trays. Due to the poor 
agitation, the solid substrate cannot be highly heaped. 
Packed bed fermentors are usually installed with a forced aeration device to 
increase aeration and disperse the heat generated. Another type of SSF, the rotary 
drum fermentors, contains a drum which rotates intermittently during cultivation to 
agitate and mix the substrate. Contact between the substrate and the fresh air supply 
is accelerated, facilitating rapid heat removal and oxygen supply. However, accurate 
control of temperature is still difficult. The most ideal SSF fermentor is fluidized-bed 
fermentor, in which the solid substrate is fluidized by upward airflow. Fluidization of 
the substrate offers some advantages over other SSF. It provides larger surface area 
for microbial growth and supplying water, nutrients, acid and alkali and pH control 
are simple. Lastly, it would require heat and gases exchange systems. 
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Table 1.9. Uses of fermentation technologies for production of ligninolytic enzymes. 
Ligninolytic Organism Fermentation references 
enzymes 
LiP Phanerochaete Submerged Shim and Kawamoto, 
chrysosporium continuous 2002 
Laccase Pleurotus Batch Submerged Baldrian and Gabrie, 
ostreatus 2002 
MnP and Laccase Lentinula Batch tray SSF Nora and Imre, 2001 
edodes 
LiP and MnP Phanerochaete Rotator drum SSF Dominguez et al., 
chrysosporium 2002 
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Therefore, this type of fermentors has a higher yield than other SSF, but its main 
disadvantage is its high energy cost. 
1.9 Proposal and experimental plan of the project 
Ligninolytic enzymes are encoded by different gene families and have 
different isozyme forms (Otterbein et aL, 2000). Although the enzymes can degrade 
different types of organopollutants in vitro (Ullah et al., 2000), little is known about 
the specific PCP-degradative enzymes and genes. If the specific-PCP degradative 
ligninolytic enzymes genes can be identified, the specific PCP-degradative isozymes 
can be mass-produced under the condition such as fermentation in which expression 
of these genes is greatly induced. 
In this study, PCP was used as an inducer to trigger the activity and 
expression of PCP degradative genes for determination of the optimal PCP 
concentration. To achieve this, P. pulmonarius mycelium was incubated at different 
PCP concentrations to stimulate production of ligninolytic enzymes. Enzyme activity 
was measured by specific enzyme assay. Change of protein amount was monitored 
and used to calculate the specific enzyme activities. Dry weight of mycelia after 
incubation was measured to monitor the toxic effect of PCP toward mycelial growth 
and was used to calculate enzyme productivities. Then, the optimal PCP 
concentration was determined as the highest ligninolytic enzyme production. 
Comparing with the kinetics of PCP breakdown and changes of ligninolytic enzyme 
activities, the primary ligninolytic enzyme contributing to the PCP breakdown can be 
predicted. 
Afterwards, specific PCP-degradative genes would be targeted and cloned 
using RT-PCR cloning from RNA samples of PCP-treated mycelia. After cloning of 
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the genes fragments, different sets of gene-specific primers were designed to study 
the specific expression of target genes. Then, the regulation of gene expression by 
PCP was studied by semi-quantitative RT-PCR. This can tag specific laccase genes 
for PCP stress and breakdown. 
After identification of PCP-degradative ligninolytic enzymes genes, we can 
use non-toxic substitutes to induce the expression. Different potential inducers were 
added into mycelial culture to stimulate the laccase activity and expression (Scheel et 
al, 2000). Using the specific gene probe mentioned before, we could detect the 
expression of the target genes, and therefore estimate the yield of the target isozyme. 
In addition, solid-state fermentation was also found to mass-produce ligninolytic 
enzymes. Therefore, to study whether solid state fermentation can produce specific-
PCP degradative ligninolytic enzymes, the mushroom was cultivated in straw 
compost and the expression of the target genes were studied at different 
physiological stages. Lastly, different isoforms of laccase at different treatments 
were identified by SDS-PAGE gel electrophoresis (D'Souza et al., 1999). Then the 
putative laccases specific for PCP may be identified. 
1.9.1 Objectives: 
1. To evaluate the effect of PCP on growth, gene transcription, enzyme activity 
of ligninolytic enzymes of Pleurotus pulmonarius 
2. To tag the specific laccase gene(s) which is/are inducible by PCP stress 
3. To find out other non-toxic inducer/ modulator for production of PCP-
degradative ligninolytic enzymes 
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Figure 1.5. An overview of the research (experimental setup) 
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2. Materials and Methods 
2.1 Materials 
2.1.1 Culture maintenance 
A pure culture of oyster mushroom {Pleurotus pulmonarius) strain PL-27 was 
provided by Prof S. W. Chiu and was maintained in complete medium plates at 25°C 
in darkness. The medium composition is listed in table 2.1. Agar was not added when 
a CM broth was used in the experiments. 
Table 2.1 Composition of complete mushroom medium (CM). 
Component Concentration (g/L) 
MgS04-7H20 (AJAX) ^ 
KH2PO4 (AJAX) 0.46 
K2HPO4 (AJAX) 1 
Peptone (LabM) 2 
Glucose (AnalaR®) 20 
Yeast Extract (LabM) 2 
Thiamin HCl (Sigma) 0.001 
Agar Bacteriological Grade 15 
(Diagnolab) 
2.1.2 Preparation of Pentachlorophenol (PCP) stock solution 
PCP (1000 mg/L) in methanol was prepared by dissolving 0.25 g PCP (Sigma 
P-1045) into 250 ml methanol (HPLC grade, Acros, USA). The stock solution was 
kept at -20°C for later experiments. 
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2.1.3 Preparation of ribonuclease free reagents and apparatus 
General laboratory glassware was treated by baking at 180°C overnight. 
Items which were not resistant to baking were treated with diethyl pyrocarbonate 
(DEPC, 0.1% v/v). All solutions were treated with 0.1% DEPC overnight and then 
autoclaved at 120°C for 20 min at 1 psi. 
2.2 Optimization of production of ligninolytic enzymes by effective 
PCP concentration 
2.2.1 Preparation of mycelial homogenate 
A 7 day old CM plate culture of P. pulmonarius was blended into 20 mL of 
autoclaved distilled water in a Waring blender cup for a total of 2 min. at high speed. 
2.2.2 Incubation 
Fixed amount (2 g mycelia) of mycelial homogenate was added into 40 mL 
CM broth in a 250 mL conical flask. The inoculated cultures were incubated at 25 °C 
in darkness for 14 days. After 3 days, six different concentrations of PCP were 
aseptically pipetted from the PCP stock to the cultures. The methanol solvent used to 
dissolve PCP was kept at 0.5 mL in the cultures. Thus, the effective PCP 
concentrations with reference to the fiingal biomass under examination ranged from 
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0 to 0.6 mg PCP/mg dry weight. A culture without any supplementation of PCP and 
nor methanol was also run to parallel to reveal any toxicity or effect of methanol on P. 
pulmonarius. At 2 - 3 day intervals, cultures were removed and mycelia were 
separated from the culture medium by filtration through a nickel sieve (2 mm in diam) 
and followed by centrifiigation at SOOOxg for 10 min at 4°C. The fresh weight of the 
biomass was determined. Afterwards, both mycelia and filtrate were stored at -80°C 
immediately. For the filtrate, protein and specific assays for the ligninolytic enzymes 
were determined. The optimal effective PCP concentration was determined as the 
time at which the ligninolytic enzyme activities were the highest. Five replicates 
were performed for each data point. 
2.2.3 Specific enzyme assays 
2.2.3.1 Laccase 
The reaction mixture contained 400 \iL of 2.5 mM ABTS, 500 fiL of 200 mM 
succinic-lactic acid buffer (pH 4.5) and 100 |iL of sample in a total volume of 1 mL. 
The reaction is monitored at 420 nm at 25 ^C by measuring the absorbance of the 
color complex formed for 5 mins (Zhao and Kwan, 1999). 
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2.2.3.2 Manganese peroxidase (MnP) 
One hundred ^L of 0.7mM MBTH, 100|iL of 0.9mM DMAB, One hundred 
|iL of 3mM MnS04. 100|iL of 0.5mM H2O2, and 500|iL of 200mM succinic-lactic 
acid buffer with pH 4.5 and lOOjiL of sample were mixed in a 1 mL cuvette. H2O2 
was added to initiate the reaction. The activity was measured at 37 at 590 nm for 5 
min (Shed et al., 2000). 
2.2.3.3 Lignin peroxidase (LiP) 
Two hundred |iL of 5 mM veratryl alcohol，200|^ L of 1 mM H2O2, 500|iL of 
200mM tartrate buffer (pH 3.0) and 100 i^L of sample were added to a 1 mL cuvette. 
The reaction was initiated by addition of hydrogen peroxide and the absorbance was 
measured at 30 °C at 310 rnn for 5 min (Fujian et al., 2001). 
2.2.3.4 Protein 
A series of 0, 0.2, 0.4, 0.6 0.8 mg/mL protein standard solution were 
prepared. 75 [iL of standard and sample were added to different 1.8 mL eppendrof 
tubes，respectively. The pellets formed were dissolved in 750 jiL of Lowry reagent 
solution (Sigma) was added. Then the solution was allowed to stand at room 
temperature for 20 minutes. 375 ^L of Folin & Ciocalteu's Phenol Reagent Working 
39 
Solution (Sigma) were added to each tube with rapid and immediate mixing. 
Colour of the solution was allowed to develop for 30 minutes. Then the solution was 
transferred to 1 ml cuvette and the absorbance of the standards and sample tube 
against blank were measured at a wavelength of 750 nm in 30 min. The absorbance 
values of the standards were plotted against their corresponding protein 
concentrations and a calibration curve was constructed in this way. The protein 
concentrations of the samples were calculated from the calibration curve according to 
their absorbance. 
2.3 Cloning of specific PCP-degradative laccase genes 
Expression of the PCP-degradative laccase genes was induced by incubating 
the fungus as mentioned in section 2.2 at the optimal effective PCP concentration 
determined. Culture medium and mycelia were separated according to section 2.2. 
The first sampling point (day 0) was 2 hours after PCP addition. Then samples were 
collected at day 2, 4，6 and 8 after PCP addition. The mycelia were weighted and 
stored at -80^C immediately for later preparation of total RNAs. For the culture 
filtrates, specific enzyme assays and protein assay were done as mentioned in section 
2.2.1. To determine whether the cloned laccase gene was PCP inducible, control sets 
(no PCP and methanol added) were done in parallel. 
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2.3.1 Isolation of total RNA 
The total RNA in tissue was isolated using TriPure Isolation Reagent (Roche). 
The following procedure is based on the instruction manual provided by the supplier. 
About 0.1 g of mycelia was homogenized at room temperature with 1 mL TriPure 
Isolation Reagent. Chloroform (200|LI1) was added into the homogenized tissue. The 
mixture was shaken vigorously for 10 sec and kept on ice. The mixture was 
centrifuged at 12,000 x g for 10 min at 4°C. The supernatant was transferred into a 
fresh microcentrifuge tube immediately. The RNA was precipitated with 500 of 
isopropanol. The precipitated total RNA was collected by centrifugation at 12,000 x 
g for 10 min at 4°C. The RNA pellet was washed by 1 ml of 70% ethanol. Under this 
condition the RNA can be stored at -20°C for 1 year. Before use, the ethanol was 
removed by centrifugation. The total RNA pellet was dried in a DNA Speed Vac 
(Eppendrof) for 10 min and then dissolved in 50 |LI1 of DEPC water. The yield and 
purity of RNA were determined by spectrophotometry (Section 2.3.2). 
2.3.2 Spectrophotometric quantification and qualification of DNA and RNA 
The amount of nucleic acids was determined by spectrophotometry and 
readings were taken at 260 nm. A 5 |LI1 of sample was dissolved into 995 |LI1 of water. 
An OD260 of 1 was taken to correspond to approximately 10 DNA for 
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double-stranded DNA. For RNA, a 4 jiL of sample was added into 996 |il of water. 
Here, an OD260 of 1 was taken to correspond to 4 |ig/|iL RNA. The purity of nucleic 
acids was determined by the ratio between the readings at 260 nm and 280 nm. Pure 
preparation of DNA has a ratio of OD260/OD280 at 1.6 or above. For pure RNA, the 
ratio of OD260/OD280 is around 2.0. 
2.3.3 First strand cDNA synthesis 
The following procedure is based on the instruction manual provided by the 
supplier. Either total RNA or mRNA was converted into first strand cDNA by 
superscript II reverse transcriptase (Gibco BRL). Around 1-5 jig of total RNA was 
mixed with 1 |j1 of oligo(dT)i2-i8 (500mg/ml) and RNase — free water was added to a 
volume of 11 |j1 The mixture was heated at 70°C for 10 min and was quickly ice 
chilled. 4 of 5X First Strand Buffer, 2 i^l of 0.1 M dithiothreitol (DTT), l)al of 
lOmM deoxynucleotide triphosphates (dNTPs) mix and l|al of RNasin were added to 
the solution mixture. The contents were mixed gently and incubated at 42°C for 2 
min. Then 1 |LI1 (200 units) SuperScript II was added to the reaction mixture and 
incubated at 42°C for 1 h. Finally, the reaction was stopped at 70°C for 15 min. The 
first strand cDNA was diluted to 1 |ig by ultra-pure water and was stored at -20°C 
until use. 
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2.3.4 Amplification of laccase cDNA 
2.3.4.1 Design of primers for PCR reaction 
Two pairs of degenerate primers were used to amplify laccase genes. Both pairs 
of primers were determined by alignment of 15 full-length laccase cDNA of fungi 
available in Genebank using DNASIS software (version 2.5). L3 primer set (LIF and 
L3B) was based on the and copper-binding domain. L4 primer set (LIF and 
L4B) was based on the and domain. Primer set Plac (PlacF and PlacB) was 
used and adopted from Soden and Dobson (2001). The details of different primer sets 
are shown in Table 2.2. 
Amino acid Nucleotide sequence Annealing 
Name sequences temperature 
(OQ 
LacF HWFGFFG 5 '-CAYTGGCAYGGNTTYTTYCA-3， ^ 
Lac3B HPFHLH 5 '-CCRTGMARRTGGAANGGRTGV-3 ‘ ^ 
Lac4B HCHID(F/L)H5 '-NTCGNATATGGTTGAACCNAGG-3 ’ ^ 
PlacF Soden and 5 ‘-CATTGGCATGGCTTCTTTCA-3 ‘ ^ 
PlacB Dobson, 2001 5 '-GCGCGAATCCAGTAATTGCGAC-3 ’ ^ 
Table 2.2: Details of different sets of degenerate primers 
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2.3.4.2 Polymerase chain reaction 
One [ig cDNA of PCP-stressed or control samples was used as template for 
PGR of laccase genes. PGR was done by a thermal cycler PTC-100™ (MJ Research, 
Inc.) A total volume of 20 |LIL of reaction mixture consisted of: IX Reaction Buffer 
VI, 2.5 mM MgCl2, 0.2 mM dNTPs, 2 pM of each primers, 2U TGO DNA 
polymerase (Roche) and 1 lig cDNA. PGR, was prepared to do specific PGR. 
Different annealing temperatures were tested and optimized for the highest 
specificity and the highest concentration of PGR products of expected sizes (Table 
2.3). 
Table 2.3 Condition for specific PCR.  
PCR Mixture Thermal Profile  
lOX PCR Reaction Buffer 2.0 ^ L 9 7 c 2 m i n s ^ 
25m MgCli 2.0 iiL 95V 1 min 
2.5mM dNTPs 1.6 [iL 52-62°C 1 min 
ultra Pure Water 12.2 |LIL 72^C 1 min 
Primer ITS 4 0.4 |LIL The last 3 steps was repeated for 
35-39 times 
Primer ITS 5 0.4 |LIL 72^C 10 mins 
TGO DNA polymerase OA [iL indefinite 
Template 1.0|LIL 
Total Volume 20 {iL  
2.3.5 Agarose gel electrophoresis of DNA 
DNA was separated in 1 to 1.5% (w/v) agarose gel with Tris-Acetate 
acid-EDTA (TAB) as buffer. These gels were prepared by dissolving 1 to 1.5% 
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agaorse (w/v) in IX TAE buffer. The DNA sample was mixed with an appropriate 
amount of 6X agarose gel loading buffer to give a final concentration of IX solution. 
Then the sample was loaded into the wells of the gel which was placed into the 
electrophoresis tank and submerged in IX TAE buffer. DNA size marker (Fermentas, 
100 base pair) was run in parallel. A voltage of lOOV was applied. When the 
bromophenol blue as a tracing dye has migrated to 1-2 cm behind the front of the gel, 
electrophoresis was stopped. Afterwards, DNA was visualized using ethidium 
bromide staining. Gel image was captured using a gel documentation system 
(BIORAD Gel Doc 1000). 
2.3.6 Purification of PCR products 
PGR bands (amplicons) of expected size were cut and purified by using 
GENECLEAN® II KIT (BIO 101). Three volumes of sodium iodide stock solution 
were added to PCR product. One to 5 }iL GLASSMILK® suspension was added and 
mixed well. After 5 minutes, the solution was centrifliged for 15 seconds. 
Supernatant was discarded and the pellet (GLASSMILK®/DNA Complex) was 
resuspended in 20 i^L of New Wash. The pellet was recovered by centrifugation as 
done before. After the pellet had been washed for three times, it was allowed to dry 
under vacuum. Ten of ultrapure water was used to resuspend the dried pellet and 
the mixture was allowed to stand for 5 minutes. Supernatant (purified product) was 
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collected after 2 min centrifugation at 13500 rpm to remove glassmilk. 
2.3.7 TA cloning of PCR products 
Five of lOX PCR buffer with MgCla, 1 of dNTPs and 0.5jal of Taq 
polymerase (0.5U/jLil) were added to the PCR product. The mixture was incubated at 
72°C for 15-20 min. The purified DNA was ligated into pGEM-T vector using the 
following protocol. The vector (5 ng) and an appropriate amount of foreign DNA 
(2:1 to 3:1 in DNA to vector molar ratio) was mixed together. Then lOX ligation 
buffer was added to the reaction mixture to a final concentration of IX. One |LI1 of T4 
DNA ligase (Promega, 3 U/|LI1) was added and the mixture was incubated overnight 
at 16°C. The product was stored at -20°C before transformation. 
2.3.8 Preparation of Escherichia coli competent cells 
Appropriate strain of Escherichia coli (E. coli) was streaked directly from 
frozen stock onto the surface of a LB (Luria-Bertani) agar plate (5% sodium chloride, 
5% tryptone, 10% yeast extract) and incubated overnight at 37°C. A single colony 
was transferred to 5 ml LB medium and incubated at 37�C for 2 h. Then this culture 
was further enriched by inoculating into 100 ml LB medium. The cells were grown at 
37°C until ODeoo reached 0.4 - 0.5. The culture was chilled on ice for 150 min. The 
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cells were harvested by centrifugation at 1000 x g for 15 min at 4°C. The pellet was 
resuspended in 37 ml RFl (Potassium Acetate 30mM; Calcium chloride lOmM; 
Manganese chloride lOmM and glycerol 15%) and kept on ice for 15 min. The cells 
were centrifuged again at 1000 x g for 15 min at 4°C. The cell pellet was 
resuspended by 8 ml RF2 (MOPS pH 6.5 10 mM; Calcium chloride 75mM; 
glycerol 15%) and kept on ice for 15 min. The competent cell suspension was 
dispensed into aliquots of 100 each and frozen in liquid nitrogen. The competent 
cells were stored at -70°C before use. 
2.3.9 Bacterial transformation by heat shock 
An appropriate amount of plasmid DNA or ligation product was added to 100 
\i\ competent cells. The mixture was kept on ice for 30 min. The cells and plasmid 
were heat-shocked at 42°C for 2 mins. The mixture was rapidly transferred to an ice 
bath to chill the cells for 5 mins. LB medium (0.5 ml) was added to the mixture. The 
mixture was incubated at 37°C for 1 h. After incubation, the cells were harvested by 
centrifugation at 8000 x g for 3 mins. All the cells, 20 \il of 20 mg/ml 
5-bromo-4-chloro-3-indolyl-P-D-galactoside (X-gal) and 20 \x\ of 0.1 M 
isopropylthio-P-D-galactoside (IPTG) were mixed and spread onto a LB plate 
containing ampicillin (100 mg/L). After the liquid had been absorbed, the plate was 
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inverted and incubated at 37°C overnight. 
2.3.10 Colony screening 
Only white colonies were selected for picking. The colonies were picked into 
another master plate with ampicillin (100 mg/L). The tooth stick was then mixed 
with PCR master mix aseptically. Size of the insert in the vector was checked by 
PGR using the gene specific primers SP6 and T7 and bacterial cells were served as a 
template. The PCR compositions and conditions were similar to section 2.3.4.2. Only 
colonies with correct insert size were chosen for mini-preparation of plasmid DNA. 
After mini-preparation of plasmid DNA, the plasmid DNA was digested with EcoRI 
(Roche.). Suitable amounts of DNA were mixed with 3 |LI1 of suitable buffer for the 
suitable enzyme. Then 1 [i\ of each enzyme was added and the final volume was 
made up to 30 |li1 by distilled water. The reaction mix was incubated at 37°C for 3 h. 
For complete digestion, 1 |LI1 of each enzyme was added again and incubated 
overnight at 37°C. The restriction enzyme digested DNA was stored at -20°C before 
use. 
2.3.11 Mini-preparation of plasmid DNA 
This method is based on the protocol suggested by the supplier (Gibco-BRL). 
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Two ml of overnight culture of cells was collected by centrifugation for 30 sec. All 
the supernatant were removed by pipetting. The cell pellet was resuspended by 250 
|Lil od Cell Resuspension Solution, of Cell Lysis Solution (250 |LI1) were added and 
mixed gently by inverting about 5 times. After 5 min, 350 of the Neutralization 
Solution were added and gently mixed by inverting. The cell debris was removed by 
centrifugation at 13500 rpm for 10 min. The cleared lysate was saved into a spin 
column. The plasmid was trapped in the Spin column by centrifugation for 1 min. 
Seven hundred i^l Wash Buffer was added and the mixture was centrifuged for 1 min. 
Finally the plasmid DNA was eluted by 50 jil of sterile water (with 65°C) and stored 
at -20°C until use. Plasmid quantity and quality were checked by gel electrophoresis 
and the concentration of plasmid DNA was estimated by comparing the band 
intensity to that of DNA marker. Plasmid was stored at -20°C until use. 
2.3.12 Sequencing 
PCR sequencing was performed using the ABI Prism dRhodamine 
Terminator Cycle Sequencing Ready Reaction Kit. This protocol was suggested by 
the supplier (PE Applied Biosystems). The double-stranded DNA in 200-500 ng (per 
Ikb in size) was used as the template of the reactions. Then 3.2 pmoles of primer and 
4 |Lil of Terminator Ready Reaction Mix were added into the tube with the template. 
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Distilled water was used to mix up the total volume to 10 i^l. The mixture was mixed 
well and spun briefly. The following PGR cycle was carried out. 
Table 2.4: Thermal profile of cycle sequencing 
Step Procedures 
1 96°C for 10 sec 
50°C for 5 sec > Repeat 25 cycles 
60°C for 4 min J 
2 Hold at 4 � C 
3 Spin down the contents of the tube 
One |Lil of 3M sodium acetate at pH 4.6 and 25^1 of 95% ethanol were added 
to the contents and mixed thoroughly. The tubes were stored at -20°C for 2 hours to 
precipitate the extension products. The products were recovered by centrifugation at 
12,000 X g for 30 min at 4�C. Then the supernatant was aspirated away carefully. The 
pellet of the DNA was rinsed with 250 \x\ of 70% ethanol. The tube was centrifuged 
for another 5 min at 12,000 x g. Again, the supernatant was discarded carefully. 
The pellet was dried in a vacuum centrifuge for 10-15 min. Before the samples were 
run on the ABI PRISM 310 automatic sequencer, the dried pellet was resuspended in 
12 III of Hi-Di solution by vortexing for about 1 min. The samples were denatured at 
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950c for 2 min, and then chilled on ice. The sample was vortex and spun. The final 
product was placed on ice or store at 4°C in darkness until ready to be injected into 
the autosequencer (Applied Biosystem). 
2.3.13 Identification of sequence 
Putative identification was made by homology search with Genbank using 
BLAST function (http://www.ncbi.n]m.nhi.gov/blast/Blast.cgiV Sequence variation 
between sequences was counted and calculated by DNASIS software (version 2.5). 
2.4 Study of regulation temporal expression of laccase genes by PCP 
cDNA of control and PCP-treated samples from day 0 to day 8 were used as 
template for semi-quantitative PCR. The effect of effective PCP concentrations on 
different laccase genes expression and temporal change of laccase genes expression 
were studied. 
2.4.1 Semi-quantitative PCR 
2.4.1.1 Design of gene-specific primers 
Gene-specific primer sets (Lad and Lac2) were designed by software Primer 
Express (version 2.0). The details of each primer set are shown in Table 2.5. For 
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study the expression of Lac3, Plac primer set was used (Figure 2.1). 
Table 2.5: Nucleotide sequence of gene-specific primers for Lad and Lac2 
Annealing Size of 
Name Nucleotide sequence temperature product 
(OQ (bp) 
LaclF 5'-GCGCAAACCCTAACTTGGGATC-3' ^ 400 
LaclB 5'-CCGTGAAGATGGAAAGGATGC-3' 
Lac2F 5'-GGACGCTGTTAACATTGTTCCTATAAC-3' ^ ^ 
Lac2B 5 '-GGCCATGGCGAGATTGATGTTG-3， 
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LacF, PlacF LE 
~ • ~ • 
5' • • • • 3, 
< ~ M ~ < ~ 
PlacB Lac3B Lac4B 
LaclF La^F ^ 
4 4 
Lac IB Lac4B Lac2F 
Lac ‘ ^ 
M—— 
Lac2B, Lac3B PlacF 
<—— 
LacS � 6 0 0 bp PlacB 
Figure 2.1. Schematic diagram of laccase of Pleurotus pulmonarius. The 
corresponding Lad , Lac2 and Lac3 clones are shown below indicated with locations 
of the different primer sets used in the study. 
Degenerate primers: LacF, Lac3B, Lac4B 
Gene specific primers: LaclF, Lac IB, Lac2F and Lac2B, PlacF and PlacB 
Extension primer for sequencing: LE 
Copper binding domains of laccase 
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2.4.1.2 Determination of suitable PCR cycles 
For semi-quantitative PCR, the number of PCR cycles should be within the linear 
range of amplification. PCR for different genes were done with different PCR cycles 
number from 20 to 42 cycles. At different cycles, PCR tubes were removed from the 
thermocycler and kept on ice. The specific product concentration at different cycle 
was measured by Gel-Doc densitometer of the Gel Doc system (BIO-RAD model 
1000). 
2.4.1.3 Normalization of the amount of RNA of each sample 
P-tubulin was used as internal marker to normalize the different amounts of 
RNAs added in samples and to check the integrity of RNA. The primer set (TF and 
TB) was adopted from Dobson and Soden (2001). PCR amplification of P-tubulin 
was done at the suitable number of PCR cycles determined in 2.4.1.2. The p-tubulin 
product concentration of each sample was measured mentioned in 2.4.1.2 and was 
used to calculate normalized optical density of other laccase gene product. 
Normalized optical density = Specific gene product concentration / P-tubulin product 
concentration. 
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2.5 Quantification of residual PCP concentration 
2.5.1 Extraction of PCP 
After incubation, mycelia were removed by centrifugation. The PCP residue 
in supernatant was extracted with 10 ml ofhexane (HPLC grade, Mallinckrodt, USA) 
with vigorously shaking at 350 rpm for 2 hours. The hexane portion was removed 
from the solution and transferred into a rotary flask. Then the extraction was 
repeated with another 10 ml of hexane using the same procedure. The two hexane 
portions were pooled, concentrated and evaporated at 60°C in a rotary evaporator 
with a vacuum pump (Eppendorf). One ml of HPLC grade methanol was added 
into the flask to redissolve the residue after evaporation. The methanol (HPLC 
grade, Acros, USA) was then transferred using a syringe and filtered through a 0.45 
\im filter (Acrodisc syringe filters 4CR PTFE). The filtered sample in methanol 
was stored in a HPLC vial or GC glass vial at -20°C for further analysis. 
2.5.2 High performance liquid chromatography (HPLC) 
Residual PCP and initial PCP concentrations were quantified and analyzed by 
HPLC using a |iBondpack™ Cig reverse phase column (3.9 mm by 300 mm, 5 |Lim 
particle). The HPLC conditions for PCP were according to Okeke et al. (1994) and 
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Chiu et al (1998). The isocratic solvent system used for resolution was acetonitrile 
(HPLC grade, Mallinckrodt, USA): water : acetic acid in a ratio of (75 : 25 : 0.125) 
at flow rate of 1 ml min'^ using a liquid chromatography pumping system (Waters 
600). The samples were automatically loaded into the column by the auto sampler 
(Waters 717). The effluent of PCP was monitored at 215 nm with photo-diode 
array detector (Waters 996). 
2.5.3 Assessment criteria 
Two assessment criteria removal efficiency (RE) and removal capacity (RC), 
were used. RE was defined as the ratio of the amount of pollutant removed to the 
corrected initial pollutant amount times 100%. On the other hand, RC is the 
amount of pollutant removed per unit fungal biomass (dry weight). 
RE (%) = (amount of PCP removed / corrected initial amount of PCP added) x 100% 
RC (mg /g) = amount of PCP removed / fungal biomass 
2.6 Effect of other compounds on laccase activity and laccase 
expression 
Copper sulphate (400|^M), manganese sulphate, 2,5-xylidine, 
dimethylbenzoic acid, phenthreneane were added into the mycelial cultures 
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containing 2 g mycelium, respectively. After 4-day incubation at conditions as 
mentioned in section 2.3, filtrate and mycelia were harvested for analyses. For the 
filtrate, specific enzyme assays and protein assay were done. For the mycelia, gene 
expression of laccase gene was studied. 
2.6.1 Study of different isoforms of laccase 
The following procedure describes the preparation of SDS-PAGE of proteins 
in a 15% gel. For other gel concentrations, the 40% acrylamide stock and distilled 
water were adjusted to appropriate ratios. The Bio-Rad Mini-PROTEAN II Cell gel 
set was used. Before casting the gel, the apparatus was washed by 70% ethanol and 
dried completely. The spacer was inserted in between one larger and one small glass. 
The glasses with spacers were inserted into the gel stand. To prepare a 15% 
separating gel, 1.15 ml of distilled water, 1.25 ml of Lower Buffer (18.15g Tris base 
in 100ml distilled water, pH adjusted to 8.8), 2.5 ml of 40% acrylamide stock and 
0.25 ml of 10% sodium dodecyl sulfate (SDS) were mixed in a glass tube. Then 75 
of 10% ammonium persulfate (APS) and 1.25 of N,N,N,N - tetramethyl 
ethylenediamine (TEMED) was added into the mixture. Four ml of the mixture was 
immediately loaded into the gel set-Approximately 0.5 ml of isopropanol was loaded 
on the top of the acrylamide gel to remove the bubble. After setting, isopropanol was 
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removed by soaking with a piece of filter paper. Then a 5% of stacking gel was 
added on the top of the separating gel. A 5% of stacking gel was prepared by mixing 
1.65 ml of distilled water, 0.75ml of Upper Buffer (6 g Tri base in 100ml distilled 
water, pH adjusted to 6.8), 0.5ml of 40% acrylamide stock, 30 |il of 10% SDS, 40 
of 1 0 % A P S and 3 |li1 of T E M E D . Before solidification, a comb was inserted into the 
stacking gel. After the stacking gel was formed, the comb was removed and the wells 
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were washed by water. The gel was ready to use • 
2.6.2 SDS-PAGE analysis of proteins 
The following method is based from the method of D'Souza et al (1990). 
Filtrates of different samples (PCP-treated samples, control, other compounds treated) 
were concentrated 10-fold by Spin-Vac evaporator (Eppendrof). 20 jdg protein 
sample was mixed with the 2X Lemmini loading buffer (Bio-Rad) in a ratio of 2:1 
(v/v). The sample was loaded into the wells of the gel. The gel was run at a constant 
current of 35 mA with Tris-glycine buffer (Bio-Rad) pH 8.3 until the tracing dye was 
1-2 cm behind the gel front. Then the gel was removed from the gel set and stained 
by activity staining using ABTS as substrate. After electrophoresis, the gels were 
fixed for 10 min in a solution containing 10% (vol/vol) acetic acid and 40% (vol/vol) 
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methanol. The gel was then soaked with 2.7 mg/ ml ABTS solution and the bands 
were detected within 30 min. Finally, the gel was washed by distilled water. Visible 
bands indicating the resolved laccase enzyme on the gel were revealed and recorded 
by photography. 
2.7 Study of laccase expression and laccase activity in fruiting 
process of oyster mushroom 
The straw compost of oyster mushroom Pleurotus pulmonarius was produced 
as follows: Straw, wheat bran and lime were mixed in a ratio of 88: 10: 2, and it was 
then moistured by 60% water (Ching, 1997). The well-mixed straw was then 
undergone fermentation for 1 week. Afterwards, the fermented straw was sterilized 
by autoclaving at 121�C for 2 hours. The PL-27 culture was used as an inoculum. 
After 3 weeks of mycelia running at dark condition, the composts were incubated at 
sterilized, wet and light condition for fruiting. 
Mycelia were picked from stages of: mycelia running, fruiting bodies and 
post-fruiting to study the expression of laccase gene. At different stage, straw 
compost was picked for extraction of ligininolytic enzymes. 0.1 g compost of 
different stages was homogenized by motar and pestle with liquid nitrogen. The 
compost powder was added to 8 ml of 50mM sodium acetate buffer at pH 4.5 and the 
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solution was shaken to extract LES from compost. The solution was then centrifuge 
at 6500 rpm for 15 min. Supernatant was removed for enzyme assay mentioned in 
section 2.2. 
2.8 Statistical analysis 
Unless specified, 5 replicates were examined for each parameter. Data were 
presented in mean 土 standard deviation. Analysis of Variance (ANOVA) was used 
to detect any significant difference among the treatments and the control if there 
were a number of cases. However, student t test was used when only two sets of 
data were compared. If there was significant difference among the groups, ranking 
of the groups was performed with the Tukey test (p = 0.05). Letters a, b，c represent 
the ranking from the highest to the lowest by Tukey test (p = 0.05). Both statistical 
programmes were provided in SPSS (Version 10.0) software. 
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Chapter 3 Results 
3.1 Production of Ligninolytic Enzymes by oyster mushroom 
A preliminary test was carried out to examine the effect of PCP on enzyme 
production. Table 3.1 shows that both laccase and manganese-dependent peroxidase 
(MnP) are constitutive and actively secreted by oyster mushroom Pleurotus 
pulmonarius. No lignin peroxidase (LiP) activity was detected in both normal 
condition and under PCP stress condition. Both laccase and MnP activities were 
increased under PCP stress condition. The fold of increase of laccase by PCP is much 
greater than that of MnP. 
Table 3.1: Production of ligninolytic enzymes by oyster mushroom Pleurotus 
pulmonarius at day 3 and at 0.3 mg PCP/g mycelium 
Enzyme activity (fi mole/ min) 
Enzyme Normal Under PCP stress* Fold of increase 
laccase 0.35 ±0.09 (b) 24.81 ±3.08 (a) 72 
MnP 0.07 ±_0.02 (B) 0.30 ±0.048 (A) 5 
LiP Non-detectable Non-detectable -
The means are calculated with 5 replicates. The mean values were compared with 
Student T-Test. Letters a, b represent different groups (p < 0.05). 
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3.1.1 Optimization of laccase production 
Figure 3.1 shows the change of laccase activity at different effective PCP 
concentration (mg PCP per unit biomass) over a period of 2 weeks. For different 
effective concentrations, laccase activity increased significantly from day 0 to day 4 
and decreased gradually afterwards until day 14. There was no significant difference 
between the control group and methanol treated group, indicating that methanol as a 
solvent for dissolving PCP has no effect on laccase activity. The optimal effective 
PCP concentration on laccase production is 0.3 mg PCP /g mycelia. The highest 
laccase activity (25 mole/ min) was recorded at day 3，whereas the highest fold of 
induction is about 70 fold. 
犯 — 0 . 1 5 mg PCP / g mycelia 
• 0.6 mg PCP /g mycelia 
—A— Control 
^ 2 5 一 - ^ M e t h a n o l 
• g 0.3 mg PCP/g mycelia 
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Figure 3.1. Change of Laccase activities at different PCP concentrations and time. 
Experimental conditions: After the static culture of mycelial homogenate for 3 days. 
Then samples were treated with different PCP concentrations at 25 ^C at 150 rpm. 
Samples of filtrate were periodically collected and measured for enzyme activities 
and protein contents. The means were calculated with 5 replicates. The mean values 
are compared with one way-ANOVA and grouped by Tukey test. Letters a, b, c 
represent the ranking from the highest to the lowest by Tukey test (p = 0.05). 
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Figure 3.2. Change of MnP activities at different PCP concentrations and incubation 
time. 
Experimental conditions: After the static culture of mycelial homogenate for 3 days. 
Then samples were treated with different PCP concentrations at 25 ^C at 150 rpm. 
Samples of filtrate were periodically collected and measured for enzyme activities 
and protein contents. The means were calculated with 5 replicates. The mean values 
are compared with one way-ANOVA and grouped by Tukey test. Letters a, b, c 
represent the ranking from the highest to the lowest by Tukey test (p = 0.05). 
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3.1.2 Optimization of MnP production 
Figure 3.2 shows that the change of MnP activities at different effective PCP 
concentrations and incubation time. For different effective concentrations, MnP 
activity increased gradually from day 0 to day 4 and increased gradually to day 14 or 
remained unchanged. There was no significant difference between the control group 
and methanol treated group, indicating that methanol has no effect on MnP activity. 
The optimal effective PCP concentration on MnP production is 0.3 mg PCP /g 
mycelia. The highest MnP activity (0.3 ji mole/ min) was recorded at day 14, 
whereas the highest fold of induction is about 5 fold. 
3.1.3 Change of Protein content sat different PCP concentration and time 
Figure 3.3 shows the change of total protein amounts at different effective 
PCP concentrations and incubation time. For different effective concentrations, the 
protein amount generally decreased from day 0 to day 14. The usage of the provided 
protein nutrients flux rate is greater than the protein secretion flux rate, leading to 
protein depletion. There is no significant difference between different treatment 
groups and control groups. The measured protein content only reflects the net protein 
content, but thus specific enzyme activity might not be an accurate parameter to 
reflect the quality of ligninolytic enzymes produced in the system. Nevertheless this 
parameter is presented as below. 
3.1.4 Change of specific LES activity at different PCP concentration and time 
Figures 3.4 and 3.5 show the changes of specific laccase and MnP activities 
at different PCP concentrations and incubation time. For both laccase and MnP, the 
pattern of changes of specific activity is similar to that of enzyme activity. The 
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optimal PCP concentration for both laccase and MnP activity is 0.3 mg PCP / g 
mycelium. The highest specific laccase activity and MnP activity were observed at 
day 3 and day 14 respectively. 
0 . 8 � --•—control ,~S 
Q Y - • methanol 
"toi __ -p — A ~ 0 . 1 5 mg PCP / g mycelia 白 0.6 . - ^ 0 . 3 mg PCP / g mycelia 
jzl Q 5 丨 ； A 0.6 mg PCP / g mycelia 
Q ^ ！ L L —. — „ L ^ I ^ 1 I I 
0 2 4 6 8 1 0 1 2 1 4 1 6 
Incubation time (days) 
Figure 3.3: Change of the total protein concentrations at different PCP concentrations 
and incubation time. After statistical analysis, there was no significant difference 
between the treatment group and control group. 
Experimental conditions: After the static culture of mycelial homogenate for 3 days. 
Then samples were treated with different PCP concentrations at 25 ^C at 150 rpm. 
Samples of filtrate were periodically collected and measured for enzyme activities 
and protein contents. The means were calculated with 5 replicates. The mean values 
are compared with one way-ANOVA and grouped by Tukey test. Letters a, b, c 
represent the ranking from the highest to the lowest by Tukey test (p = 0.05). 
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Figure 3.4. Change of specific laccase activity with time and PCP concentrations 
under the same experimental conditions as Fig. 3.2. 
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Figure 3.5. Change of specific MnP activity with time and PCP concentrations under 
the same experimental conditions as Fig. 3.2. 
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3.1.5 Toxicity of PCP towards mycelial growth 
Figure 3.6 shows the dry weight of mycelia under different treatments after 
14 days of incubation. From the Figure, the control group had the greatest dry weight, 
but unlike the laccase production (Fig 3.1), methanol inhibited mycelial growth. 
There is no significant difference between the dry weight of methanol treated group 
and that of 0.15 mg PCP/ g mycelia-treated group, indicating that at such low 
concentration, PCP did not show toxicity to mycelial growth. However, when PCP 
concentration was greater than 0.15 mg PCP / g mycelium, the toxicity increased 
with PCP concentration. 0.6 mg PCP/ g mycelia had the greatest inhibition on 
mycelia growth, reducing the dry weight of mycelia to about 10% of that of the 
control group. The dry weight of each of the initial inoculums was about 0.2 g, the 
minimal inhibitory growth concentration is found to be 0.3 mg PCP/ g mycelium, 
which is also the optimal PCP concentration for ligninolytic enzyme activity. 
3.1.6 Enzyme productivities of laccase and MnP 
Figures 3.7 and 3.8 show that the laccase and MnP productivities at day 14. 
From the result, methanol did not affect the productivities of both enzymes. Due to 
the lowest amount of dry weight mycelia measured at 0.6 mg PCP/ g mycelia, both 
laccase and MnP productivities were increased greatly. For laccase and MnP 
productivities, the optimal PCP concentrations were 0.3 and 0.6 mg PCP/ g mycelia, 
respectively. 
67 
0 . 7 � a 
0.6 - ]-
3 0.5 - 丄 b 
萄 0.4 - T 
§ b 
‘ 0.3 — H r ^ 
Q 0.2 - ^ 
0.1 - d 
0 ^ — — ‘ — — ^ — — ~ ‘ — — ‘ ~ — — ‘ 
Control Methanol 0.15 mg PCP/ 0.3 mg PCP/ g 0.6 mg PCP/ g 
g mycelia mycelia mycelia 
Different Treatments 
Figure 3.6. Biomass gain or loss of Vleurotuspulmonarius under different treatments 
for 14 days 
Experimental conditions: After the static culture of mycelial homogenate for 3 days. 
Then samples were treated with different PCP concentrations at 25 ^C at 150 rpm. 
Biomasses were harvested by filtration and oven-dried. The means were calculated 
with 5 replicates. The mean values are compared with one way-ANOVA and 
grouped by Tukey test. Letters a, b, c represent the ranking from the highest to the 
lowest by Tukey test (p = 0.05). 
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Figure 3.7: Effect of different treatments on laccase productivities at day 14. 
Experimental conditions: After the static culture of mycelial homogenate for 3 days. 
Then samples were treated with different PCP concentrations at 25 ^C at 150 rpm. 
The mean values are compared with one way-ANOVA and grouped by Tukey test. 
Letters a, b, c represent the ranking from the highest to the lowest by Tukey test (p = 
0.05). 
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Figure 3.8: Effect of different treatments on MnP productivities of Pleurotus 
pulmonarius at day 14. Enzyme productivity is calculated as enzyme activity per 
gram mycelia 
Experimental conditions: After the static culture of mycelial homogenate for 3 days. 
Then samples were treated with different PCP concentrations at 25 ^C at 150 rpm. 
The means were calculated with 5 replicates. The mean values are compared with 
one way-ANOVA and grouped by Tukey test. Letters a, b, c represent the ranking 
from the highest to the lowest by Tukey test (p = 0.05). 
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3.1.6 Change of % of residual PCP concentrations during 14 days 
Figure 3.9 shows that the change in residual PCP concentrations during 14 
days. Figures 3.10 and 3.11 show that the change of laccase and MnP activities 
during 14 days. From day 0 to day 6, both enzymes were induced. The induction 
folds for laccase and MnP were 72 and 4 respectively. At the same time, there was a 
dramatic (75 % removal) decrease of PCP from day 0 to day 6. After that, laccase 
activity decreased and MnP activity remained unchanged, and of residual PCP 
concentration gradually decreased afterwards. All PCP was removed after 14 days. 
3.2. Cloning of PCP-degradative laccase cDNA fragments 
Laccase cDNA Lad , Lac2 were amplified using degenerate primers sets L3 
and L4. The size of Lad and Lac2 was l.lkbp and lOOObp respectively. Lac3 was 
amplified using primer set Plac sets by Soden and Dobson et al. (2001). The size of 
Lac3 was about 600 bps. Figure 3.12 and 3.13 shows the RT-PCR products of the 
laccase and P-tubulin. After PCR, the products were subsequently cloned into the 
vector, and finally sequenced. Sequences of all the laccase genes were verified by at 
least three different clones. Putative identity of each sequence was checked by 
alignment on NCBI GeneBank using the Blast function. All the 3 cloned genes were 
partial fragment of the full length laccase genes. Tables 3.2-3.4 show the alignment 
result of the three laccase genes. In nucleotide sequence level, the three laccase genes 
had identity 90-94%. The three cloned laccase genes shows high identity (-86%) to 
Pleurotus sp. laccase genes (such as P. ostreatus and P. sajor-cuju) and but low 
identity to laccase genes of other basidiomycetes such as Trametes versicolor. From 
the sequences of Lac 1-3, putative amino acid sequences were predicted. Alignment 
of cDNA sequences and three laccases are shown in Figures 3.28. 
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Figure 3.9. Change of residual PCP concentrations during 14 days. 
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Figure 3.10. Change of laccase activities during 14 days 
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Figure 3.11. Change of MnP activities during 14 days 
71 
1 2 3 4 5 6 7 8 9 10 11 
m m 
Figure 3.12 Gel electrophoresis of RT-PCR products of Lac 1 and Lac 2 with 
degenerate primers sets. Lane 3, 5, 7 and 9 shows Lac2 fragment at l.Okb. Lane 11 
shows Lad fragment at 1.1 kb. Prominent non-specific amplification products are 
seen with Lac2 using the degenerate primer set. Lane 1 is the 100 bp marker. The 
band with double intensity is the 500 bp DNA. 
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Figure 3.13. Gel electrophoresis of RT-PCR product of /S -tubulin at about 500bp. 
Lane 1 is the 100 bp marker. The band with double intensity is the 500 bp DNA. 
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Table 3.2. Top 3 matching of Genebank alignment of Lac 1 gene � 1 1 0 0 bp
Sequence produce significant alignment Score E value 
P. ostreatus P0X2 diphenol oxidase 928 0 
P. sajor-caju Laccase 4 696 0 
P. ostreatus POXl diphenol oxidase 393 e-^w 
Table 3.3. Top 3 matching of Genebank alignment of Lac 2 gene �1000 bp
Sequence produce significant alignment Score E value 
P. ostreatus P0X2 diphenol oxidase 914 0 
P. sajor-caju Laccase 4 868 0 
P. ostreatus POXl diphenol oxidase 440 
Table 3.4. Top 3 matching of Genebank alignment of Lac 1 gene �5 9 0 bp 
Sequence produce significant alignment Score E value 
P. ostreatus P0X2 diphenol oxidase ^ 
P. sajor-caju Laccase 4 567 
P. sajor-caju Laccase 1 519 le"^ ^ 
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After alignment, the three laccase genes cloned showed 91-93% identity to each 
other at nucleotide level, whereas the identity at amino acid sequences was about 97-
98%. 
3.3 Regulation of expression of the laccase genes by PCP 
3.3.1 Determination of suitable PCR cycles 
Figure 3.14 shows the change of PCR product concentrations of p-tubulin with 
different PCR cycles. Figure 3.15 shows the change of measured optical density of 
PCR products with different PCR cycles. The suitable PCR cycle numbers for (3 -
tubulin, Lad , Lac 2, and Lac 3 are 26, 27, 27 and 33 respectively. 
3.3.2 Normalization of total RNA amount of different samples 
Figure 3.16 shows RT-PCR product of 曰-tubulin of different treated samples. After 
quantification, the intensity of products were quantified and used to calculate the 
normalized specific product intensity of Lacl-Lac3. 
3.3.3 Regulation of temporal expression of the laccase genes by PCP 
Figures 3.17-3.20 show the temporal expression of Lacl-Lac3 under different 
incubation time. Figures 3.21 shows quantified expression of Lacl-Lac3. Lac2 and 
showed detectable expression under control condition, where Lad and Lac2 were 
not detected under control condition. PCP induced expression of Lad and Lac2 by 
over 100 fold, but no Lac3. For Lad and Lac2, instant induction of expression was 
detected at 2 hours after addition of PCP. Lad and Lac2 expression peaked at day 2 
and day 4, and dropped afterwards. The temporal expression pattern of Lad and Lac 
2 led the laccase activity. 
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Figure 3.14 The change of product intensities (RT-PCR of P-tubulin cDNA using 
PCP treated samples) with different numbers of PCR cycles. The marker lane is 
lOObp ladder. 
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Figure 3.15: Change of optical density against PCR cycle 
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Figure 3.16a&b. Gel electrophoresis of RT-PCR of -tubulin gene of different 
samples. The intensity of each sample is used as a reference for semi-quantitative 
analysis of the transcript levels of the target gene. Lane 1 of these photos is 100 bp 
markers. 
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Figure 3.17. Change of Lac 1 expression at different incubation times under PCP and 
control condition: 27 cycles of specific PGR using cDNA samples of PCP and 
control treatment at different times. Lane 1 is the 100 bp DNA marker. Lane 2-6: day 
0-day 8 PCP treated samples; Lane 7-11: day 0 to day 8 control samples 
Experimental conditions: After the static culture of mycelial homogenate for 3 days. 
Then samples were treated with different PCP concentrations at 25 ^C at 150 rpm. 
Samples were collected from day 0 to 8 for RNA extraction. Expression of Lacl is 
then analyzed. 
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Figures 3.18 and 3.19. Change of Lac2 expression at different incubation times under 
PCP and control condition: specific PCR using cDNA samples of PCP and control 
treatment at different times. For both Figures: Lane 1 is the 100 bp DNA marker. For 
figure 3.18, lanes 2-6 indicates PCP-treated mycelia samples from day 0- day8. . For 
figure 3.19, lanes 2-6 indicates control mycelia samples from day 0- dayS 
Experimental conditions: After the static culture of mycelial homogenate for 3 days. 
Then samples were treated with different PCP concentrations at 25 ^C at 150 rpm. 
Samples were collected from day 0 to 8 for RNA extraction. Expression of Lac2 was 
analyzed. 
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Figures 3.20. Change of Lac3 expression at different incubation times under PCP and 
control condition: specific PGR using cDNA samples of PCP and control treatment 
at different incubation times. For both Figures: Lanes 1 is the 100 bp DNA marker. 
Lanes 2-6: day 0-day 8 PCP treated samples. Lanes 7-11: day 0-day 8 PCP control 
samples. 
Experimental conditions: After the static culture of mycelial homogenate for 3 days. 
Then samples were treated with different PCP concentrations at 25 ^C at 150 rpm. 
Samples were collected from day 0 to 8 for RNA extraction. Expression of Lac3 was 
analyzed. 
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Figure 3.21. Change of Lacl-Lac3 expression at different incubation times 
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3.5 Effect of other compounds and physiological status on laccase 
activity and expression 
Figure 3.23 shows the effect of other compounds on laccase activities. Except 
veratryl alcohol, the other 4 compounds showed induction on laccase activity. 
Copper showed the highest induction (10 fold) on laccase activity. In summary, 
laccase activity induction fold was in the following decreasing order: copper > 
xylidine > phenanthrene > manganese > veratryl alcohol = control 
Figures 3.24-3.26 show the effect of different compounds and different physiological 
status on Lacl-Lac3 expression. Both Lad and Lac2 did not express under the 
influence of different compounds tested. On the other hand, all four compounds 
induced Lac3 expression, whereas the induction fold was in the following decreasing 
order: copper > xylidine > phenanthrene > manganese. High expression of Lac 1-
Lac3 was observed at compost cultures but they peaked at different stages: fruiting 
body, vegetative growth stage before fruiting and mycelia at the spent mushroom 
compost. Lad and Lac 2 were highest at mycelia before fruiting stage in contrast to 
the maximum gene expression of Lac3 at fruiting body stage. Expression of Lac 1-
Lac3 decreased greatly after the fruiting process. 
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Figure 3.23. The effect of 5 different compounds on laccase activities of Pleurotus 
pulmonarius. 
Experimental conditions: After the static culture of mycelial homogenate for 3 days 
Then samples were treated with different PCP concentrations at 25 ^C at 150 rom' 
Samples were collected at day 4. The means are calculated with 5 replicates The 
™ val^s are compared with One way-ANOVA and grouped by Tukey test 
S t ^ r a’ c represent the ranking from the highest to the lowest by Tukey test (p 二 
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Figure 3.24. Change of Lad expression under influence of different compounds and 
different physiological stages: specific PCR using different cDNA samples. Lane 1 is 
the 100 bp DNA marker. Lane 2-8: Copper, Manganese, 2,5-xylidine, Phenanthrene, 
Mycelia before fruiting, fruiting body, spent mushroom compost. 
Experimental conditions: After the static culture of mycelial homogenate for 3 days. 
Then samples were treated with different PCP concentrations at 25 V at 150 rpm. 
Samples were collected at day 4 for RNA extraction. 
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Figure 3.25: Change of Lac2 expression under influence of different compounds at 
day 4: specific PGR using cDNA samples of PCP and control treatment at different 
times. Lane 1 is the 100 bp DNA marker. Lane 2-8: Copper, Manganese, 2,5-
xylidine, Phenanthrene, Mycelia, fruiting, spent mushroom compost. 
Experimental conditions: After the static culture of mycelial homogenate for 3 days. 
Then samples were treated with different PCP concentrations at 25 ^C at 150 rpm. 
Samples were collected at day 4 for RNA extraction. 
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Figure 3.26: Change of Lac3 expression under influence of different compounds and 
physiological condition at day 4: specific PCR using cDNA samples as templates. 
Lane 1 is the 100 bp DNA marker. Lane 2-10: Day 4 sample of Control, PCP, 
Copper，Manganese, Phenanthrene, 2,5-xylidine, Mycelia before fruiting, fruiting 
body，spent mushroom compost. 
Experimental conditions: After the static culture of mycelial homogenate for 3 days 
Then samples were treated with different PCP concentrations at 25 at 150 rpm 
Samples were collected at day 4 for RNA extraction. • 
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3.6 Study of different forms of laccase 
Figure 3.27 shows the SDS-PAGE study of different treated samples. Laccase 
activity was indicated by green band. 15 mg protein of each sample was added. 
Comparing with band intensity, the order is the same as the order of enzyme activity: 
PCP> copper>2,5-xylidine> Phenanthrene >Mn=control. There was a common and 
major isozyme form at 40 kDa in different samples. Some non-specific bands which 
might be artifacts were revealed. 
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1 2 3 4 5 6 7 
，，‘‘ 
60 kDa 
40 kDa . m u H i 
Fig 3.27. SDS-PAGE electrophoresis of different treated samples: 15 )Lig protein for 
each sample. Green bands indicate laccase activity. Lane 1: Protein marker (10 kDa-
190kDa, the red band 
represents 60 kDa). Lane 2-7: control, PCP-treated, 
Phenanthrene, copper, 2,5-xylidine, manganese. 
Experimental conditions: After the static culture of mycelial homogenate for 3 days. 
Then samples were treated with different PCP concentrations at 25 ^C at 150 rpm. 
Samples were collected at day 4 for SDS-PAGE electrophoresis at 200V for 1.5 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4.1 Production of Ligninolytic enzymes by Pleurotus pulmonarius 
From the result, constitutive laccase and manganese peroxidase (MnP) 
activities were detected in the control medium, but there was no lignin peroxidase 
(LiP) activity detected in both control and treatment (PCP) conditions. Like other 
Pleurotus spp., such as R sajor-caju and R ostreatus, P. pulmonarius produces 
laccase and MnP but no LiP (Trine, 1999). Similarly Ganoderma lucidum produces 
laccase and MnP but no LiP. Yet the fungus had LiP-like gene sequence found in the 
genome (D'Souza et al； 1999). Low activities of ligninolytic enzymes were detected 
in the control medium (CM). In CM, various nutrients such as glucose, phosphate, 
provide a ready-uptake form but in limited amount. Therefore, in the absence of 
inducers such as 2, 5-xylidine, the ligninolytic enzymes activity was low in CM. In 
preliminary studies, two white rot fungi, G. lucidum and R pulmonarius, were 
considered for their ligninolytic activities., P. pulmonarius has higher ligninolytic 
activity and greater induction by PCP (Table 4.1). Therefore, R pulmonarius was 
selected for further study. 
From the result, PCP induces both laccase and MnP. Various aromatic 
compounds, such as ferulic acid, induce ligninolytic activity and change isozyme 
pattern (Bogan et al., 1996; Perez et al., 1998). The regulation by aromatic 
compounds was found at the transcription stage (Suguimoto et al., 2001). In this 
study, the induction of ligninolytic enzymes by PCP may be a defense mechanism 
against toxic substance. 
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Table 4.1. Production of ligninolytic enzymes of P. pulmonarius and G. lucidum 
Enzyme activity of P. Enzyme activity of G. lucidum 
pulmonarius (|Limole/min) (|imole/min) 
Control PCP-treated Control PCP-treated 
Laccase 0.35±0.09 ( c ) 2 4 . 8 1 ± 3 . 0 8 (a )0 .254土 0 . 052 .45土 0.25 (b) 
(c) 
"Miip 0.06±0.02 ( c ) 0 . 3 0 ± 0 . 0 4 8 ( a ) 0 . 0 3 ± 0 . 0 1 (c)0.10土 0.02(b) 
LiP Non-detectable Non-detectable Non-detectable Non-detectable 
I  
Experimental condition: 2g blended mycelia were added into CM solution. After 3 
days recovery, 0.5 ml PCP was added to culture medium to make final effective PCP 
concentration 0.3 mg PCP/g mycelia. After 3 days incubation at 25°C with shaking, 
filtrate was used to measured ligninolytic enzymes activity. For each set data, five 
replicas were done. The mean values were compared with Student T-test. Letters a, b, 
represent different groups (p = 0.05). 
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4.1.2 Optimization of laccase and MnP production by PCP 
The optimal PCP concentration for both the highest laccase and MnP 
activities was 0.3 mg PCP /g mycelia. Figures 3.1 and 3.2 show the change of laccase 
and MnP activities at different PCP concentrations and incubation time. For laccase 
activity, the induction fold of 0.3 mg PCP/ g mycelia was much greater than the other 
PCP concentrations. At 0.15 mg PCP/ g mycelia, PCP produced no toxicity on 
mycelial growth and thus no stress on the mushroom (toxicity data shown in Figure 
3.6). This leads to slight induction of laccase activity. At 0.6 mg PCP/ g mycelia, 
PCP exhibited great toxicity on mycelial growth and caused negative growth of the 
mushroom. Also, the fungus produced more laccase. The enzyme productivities of 
these two PCP concentrations were similar although there was a significant decrease 
of mycelial growth at 0.6 mg PCP/ g mycelia. For MnP, induction fold between 
different PCP concentrations was very close. The highest MnP productivity was 
found at 0.6 mg PCP/ g mycelia. 
On the other hand, the induction fold and induction pattern of laccase and 
MnP by PCP were greatly different from each other. For all PCP concentrations 
tested, after addition of PCP, laccase activity increased to the maximum at day 6 and 
decreased gradually. This instant and tremendous increase in enzyme activity (-72 
fold) reflects that the mushroom devoted the highest energy effort to produce laccase 
for its survival. In the case of MnP, the instant induction of enzyme activity (~3 fold) 
was detected and the MnP activity increased gradually to the highest at day 14. 
Although MnP activity was induced by PCP, its induction fold was than that of 
laccase. Despite of increase in laccase and MnP activities, the total protein amount 
decreased or remained unchanged (shown in figure 3.3). The total protein amount 
showed no correlation with the laccase activity. Also, the total protein amount may 
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include extracellular proteins other than the target linginolytic enzymes. Therefore, 
using total protein amount to calculate specific enzyme activity may not be 
appropriate for interpretation. 
The change of residual PCP concentration is shown in Figure 3.9. The 
disappearance of PCP can be divided into two phases: the fast starting phase and the 
slow end phase. In the starting phase, from day 0 to day 6，75% of PCP was removed. 
At this phase, PCP induced both laccase and MnP activities to different magnitudes, 
resulting in fast decrease of PCP. The ligninolytic activity coincided with the PCP 
disappearance. After entering the ending phase, from day 8 to day 14，the remained 
PCP was removed. Meanwhile, laccase activity decreased significantly and MnP 
activity remained unchanged. The decrease of laccase activity might be due to the 
decrease of residual PCP concentration. Also, the decrease of laccase activity leads 
to slow breakdown of residual PCP despite that the MnP activity remained 
unchanged. This reflects indirectly that laccase played a more important role in PCP 
breakdown than MnP did. The maintenance of MnP activity was independent of 
residual PCP concentration. This may depend on breakdown products of PCP. From 
the above interpretation, the ligninolytic activity and PCP concentration were inter-
related and affected each other. In fact, both laccase and MnP were able to degrade 
PCP (Makkar et al., 2001). Therefore, the change of laccase and MnP activities may 
correlate to the breakdown of PCP in the solution and serve as an indirect prediction 
of PCP breakdown. As laccase is the major enzyme degrading PCP by this 
mushroom, laccase was chosen for further study. 
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4.2 Cloning of laccase cDNA fragments 
4.2.1 Cloning cDNA 
Three laccase cDNA, namely Lad , Lac2 and Lac3, were obtained by PCR 
cloning technique in this study and the nucleotide sequences are shown in Figure 
3.28. In the previous studies, different ligninolytic enzyme genes were cloned using 
different techniques including RT-PCR (Hisashi et al,, 2001), PCR cloning (Zhao 
and Kwan, 1999), genomic and cDNA library screening (Giardina et al., 1995). 
Comparing with library screening process, RT-PCR cloning is fast with the potential 
of cloning a full-length of the sequence (Old and Primrose, 1998). Also，the RT-
PCR cloning strategy avoids the disruption of primers by introns in the PCR cloning 
of genomic DNA process. To get the full-length cDNA, 3，and 5'-RACE should be 
done. 
In this study, the target gene was the PCP-inducible or degradative laccase 
genes. Therefore, cDNAs of PCP-treated samples-were used for cloning of the target 
genes. The degenerate primers were deduced by alignment of different cDNA 
sequences of laccase genes available in NCBI gene bank. The PCR conditions such 
as annealing temperature, PCR cycle sequencing, template concentration, were 
optimized to produce the greatest amount of relatively "pure" products for cloning. 
Lac3，which was shown not induced by PCP, were not cloned used L3 and L4 sets 
and were cloned using cDNA samples from the fungal culture treated by copper. 
Lad and Lac2 were amplified using degenerate primers L3 and L4 sets. The design 
of L3 and L4 sets was based on copper-binding domains reported before (Zhao and 
Kwan, 1999). Lac3 was amplified using the primer set reported by Soden and 
Dobson (2000). They reported that 3 different laccase genes were amplified. 
However, in this study, only one laccase gene was identified using the primer set. 
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Possibly, not all laccase genes were included in this study because the expression of 
some laccase genes may be too low. PCR cloning using genomic DNA may solve 
this problem. 
4.2.2 Analysis of Nucleotide sequence of Lad - Lac3 
Figure 3.28 shows nucleotide alignment between the cloned laccase genes. 
The length of the cloned laccase genes was between 600 to 1100 bp. All the 
sequences of Lacl-Lac3 were obtained separately from three clones. Also, the PCR 
for cloning was produced by proof-reading DNA polymerase to assure the cloned 
sequence. Proofreading DNA polymerase was used to decrease the chance of wrong 
incorporation of nucleotides into the sequence. More than one clone showed the 
identical sequence for each gene. From NCBI Genebank, the length of cDNA of 
laccase genes was about 1.5-1.8 kb. Therefore, it was estimated the cloned Lad -
Lac3 was about 1/3 to 2/3 of the full-length sequence. The main objective of this part 
is to develop a molecular probe to study the expression profile of these three genes. 
Therefore, the obtaining of full-length cDNA laccase genes was not essential. 
Pair-wise alignment shows that Lad , Lac2 and Lac3 have high homology 
(87%) identity to the other Pleurotus laccase genes. The homologies between the 
nucleotide sequences of the three laccases were between 97% to 98, and at amino 
acid sequence level, between 97 to 99%. The high homology between the three 
laccase genes indicates that the three laccase genes were within a gene family. A 
gene family is a group of closely related genes with high homology and perform 
similar function but regulated differentially (Klug and Cummings, 2000). From the 
previous studies, the identity difference among members of a laccase gene family 
was different among species (Cullen, 1997). The high homology among members of 
the same gene family may be an adaptation to the process of evolution and produced 
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by mutation. When one gene loses its functions by some reasons (such as mutation), 
other genes can pick up its functional role. This is especially important for organisms 
facing the toxicity of the pollutants such as PCP. At the later part of this study, gene 
specific primers have been designed to differentiate the 3 genes (Lacl-Lac3) (Figure 
2.1). Lacl-Lac3 were differentially regulated by different compounds. 
4.2.3 Characterization and comparison of deduced amino acid sequences of 
Lacl-Lac3 
The deduced amino acid sequences of Lacl-Lac3 were compared with other 
laccases available in GeneBank. The alignment of Lacl-Lac3 amino acid sequences 
is shown in Figure 2.1. Like laccases from other fungi, the deduced amino acids of 
Lacl-Lac3 contain some features found in other laccases such as copper-binding 
sites, glycosylation sites, disulfide bridges. At least 3 putative copper-binding sites 
were identified in Lad and Lac2, and 1 putative copper-binding site in Lac3. 
4.3 Regulation of expression of the laccase genes by PCP 
Three sets of gene specific primers were designed based on the gene specific 
regions of Lacl-Lac3 (Figure 3.28). For the determination of suitable PCR cycle 
numbers, a preliminary PCR amplification was done to estimate the sample that has 
the highest expression; i.e. all the amplification would be within the linear range. 
The house-keeping gene used as internal standard in this study was p-tubulin. 
Tubulin is composed of a heterodimer of two closely related 55K dalton proteins 
called alpha and beta tubulin (http://www.imb-jena.de/~kboelim/Tubulin.html). 
These two proteins are encoded by separate genes, or small gene families, whose 
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sequences are highly conserved throughout the eukaryotic kingdom. Tubulin 
polymerizes to form structures called microtubules. Microtubules are involved in 
several basic cellular processes such as segregation of genetic material, intracellular 
transport, maintenance of cell shape. Due to its constant expression, P-tubulin gene 
was used routinely as internal standard to verify total mRNA amount added and the 
quality of RNA added (Lamar et al., 1995). 
Other than (3-tubulin, glyceraldehydes-3-phosphate dehydrogenase and P_ 
actin were often used as internal standards (Lamar et al,, 1995) (Gettemy et al.’ 
1997). Comparatively, P-tubulin gene has the higher abundance in the mRNA 
transcript than Lacl-Lac3, whereas the transcript level of Lac3 was low in control 
and PCP-treated environment. 
4. 3.1 Regulation of temporal expression by PCP 
The quantification of temporal expression of Lad-Lac3 is summarized in 
Table 4.2. Among the three laccase genes, Lad and Lac2 were PCP-inducible. The 
induction of Lad and Lac2 was very instant and were observed at just two hours 
after addition of PCP. It indicates that the Lad and Lac2 were very sensitive to PCP 
stress. Lad and Lac2 were induced by 100 fold at days 2 and 4 and dropped 
afterward. The tremendous expression of Lad and Lac2 result in a large amount of 
laccase produced for removal of PCP. Lad and Lac2 expression was correlated with 
laccase activity, but Lad and Lac2 expression had a lead period over laccase activity. 
Also, the laccase activity was related to the removal of PCP in the medium. Similarly 
the rate of PCP disappearance also showed similar change. Thus Lad and Lac2 are 
PCP-inducible and PCP-degradative genes. To further confirm that Lad and Lac2 
were PCP-degradative, other works could be done. Bogan et al (1996) reported MnP 
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gene expression was correlated with activity and fluorene oxidation. The rate of MnP 
expression of Phanerochaete chrysosporium was correlated with MnP activity but 
with a lag period, and the MnP activity coincided with the removal of fluorene. 
Many compounds could modulate laccase, such as 2,5-xylidine, polyaromatic 
hydrocarbons. Larrea et al (1996) reported that the oxidative stress in Podospora 
anserina caused by the presence of aromatic compounds was typically accompanied 
by the induction of laccase mJRNA. Also, putative xenobiotics response elements 
were found on different fungi, suggesting that transcription of laccase genes may be 
activated by aromatic compounds (Soden and Dobson, 2001). The actual aromatic 
response element could be further analyzed by cloning the upstream region of 
laccase gene and study the structure and function of the region. After day 4, Lad and 
Lac2 expression decreased and this may be due to decrease of PCP concentration. 
On the other hand, Lac3 was not PCP-inducible, and perhaps there is no PCP 
response element in Lac3 gene. 
The present study employs a molecular probe developed here to reveal the 
relationship among gene expression, laccase activity and degradation of PCP. Such 
molecular probe can be used to follow the process of bioremediation and monitor the 
production of specific laccase genes. 
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Table 4.2. Temporal change of enzyme activities and expression of laccase of 
Pleurotus pulmonarius under PCP condition 
Laccase activity (|amole/ min) / Lac expression (Normalized) 
DayO Day 2 Day 4 Day 6 Day 8 
Lacl RNA 0.17土0.03 0.8土 0.12 0.83土 0.1 0.6土0.08 0.25土0.02 
(d) (a) (a) (b) (c) 
Lac2 RNA 0.13土0.03 0.73土0.10 0.76±0.10 0.50 土 0.1 0.13±0.03 
(C) (A) (A) (B) (C) 
Lac3 RNA -
Laccase activity 2.80土 0.30 4.53土 5.33 24.53± 26.00土 15.01土 2.34 
( P C P ) (c , ) (c，） 3 . 8 4 (a，） 4 . 3 6 (a’） （b’） 
PCP removal (%) 0 20 20 30 15 
� 
The means are calculated with 5 replicates. The mean values are compared with one 
way-ANOVA and ranked by Tukey test. Letters a, b, c represent the ranking from the 
highest to the lowest by Tukey test (p = 0.05). Lacl-Lac3 expressions under PCP 
stress were quantified by measuring the RT-PCR products intensity. Specific RT-
PCRs of Lac 1-3 are shown in Figure 3.17-3.20. 
102 
4.3 Effect of the potential inducers on laccase activity and expression 
Five compounds were tested, including lignin-like organic compounds (2,5-
xylidine and veratryl alcohol), heavy metals (copper and manganese), polyaromatic 
hydrocarbon (phenanthrene). Figure 3.23 shows the effects of the potential inducers 
on laccase activity. Except veratryl alcohol, all other compounds induced laccase 
activity. Veratryl alcohol was shown to induce laccase activity in different fungi 
(Suguimoto et al； 2001). The reason for its effect on P. pulmonarius is not known. 
Other inducers could induce laccase activity, but the fold of induction was much less 
than that of PCP. Both Lad and Lac2 showed non-observable expression under the 
influence of the 5 compounds tested. This indicates that Lad and Lac2 are not the 
main contributor to laccase activity in these media. Under these conditions, Lac3 was 
induced, whereas Lac3 expression was related to the laccase activity. Since there 
may be some other laccase genes, it can conclude that Lac3 was one of the main 
contributors to laccase activity and may be the predominant isoform in the medium. 
Veratryl alcohol and 2,5-xylidine are secondary metabolites synthesised de 
novo from glucose by several fungi, but mainly the basidiomycetes, where they have 
been ascribed to play a specific role as a physiological cofactor of lignin peroxidase 
(LiP), a key enzyme in the depolymerisation of lignin. The chief function of veratryl 
alcohol is as a redox mediator between LiP and lignin degradation, and in protecting 
LiP during the redox cycle from metabolically produced H2O2. It can also act as an 
inducer of laccases in basidiomycetes and ascomycetes, and hence promotes 
lignocellulose degradation (Suguimoto et al, 2001). Pleurotus pulmonarius does not 
show LiP activity (assay using veratryl alcohol as enzyme substrate) (this study & 
Temp et al., 1999). Its function might be replaced by other compounds in this 
mushroom. 
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Table 4.3: Change of laccase expression and activities of Pleurotus pulmonarius in 
culture media supplemented with different compounds 
Laccase activity (|imole/ min) / Lac expression (Normalized) 
Copper Manganese Phenanthrene 2,5-xylidine 
Laccase 6.5土 0.79(a) 1.91土 0.39 (d) 2.83土 0.43 (c) 4.45土 0.22 (b) 
activity 
Lad RNA Non-detectable 
Lac2 RNA Non-detectable 
Lac3 RNA 0.05±0.005(A) 0.01 土 0.003 (D) 0.02± 0.002 (B) 0.03±0.008 (B) 
The means are calculated with 5 replicates. The mean values are compared with One 
way-ANOVA and ranked by turkey test. Letters a, b，c represent the ranking from the 
highest to the lowest by Tukey test (p 二 0.05). Lacl-Lac3 expressions under 
different compounds were quantified by measuring the RT-PCR products intensity. 
Specific RT-PCRs of Lac 1-3 are shown in Figures 3.24-3.26. 
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Copper and manganese serve as co-factors of the ligninolytic enzymes for its 
catalytic function (Huber & Lerch, 1987) and also serve as inducers of ligninolytic 
enzymes (Soden and Dobson, 2001). Putative metal response element similar to that 
of metallothionein was found on different upstream regions of laccase. Some 
scientists proposed that the laccase might serve as a metal chelator to the heavy 
metals (Cervantes and Corona, 1994). The effect of the different compounds on the 
expression of Lacl-Lac3 and laccase activity is summarized in Table 4.3. 
4.3 Effect of the physiological status on laccase activity and expression 
Table 4.4 summarizes the change of laccase expression and laccase activities 
during the three physiological stages. The result suggests that laccase activity peaked 
at the vegetative mycelial stage and decreased after the fruiting stage. Lad and Lac2 
expression was related to laccase activities. On the other hand, Lac3 expression was 
found to be maximum in the fruiting bodies. High expression and activity of laccase 
were mainly due to the degradation of the lignocellulosic substrate and the 
physiological stages. The complex lignocellulose substrate in mushroom cultivation 
induces laccase expression (Arora and Gill, 2000). Many possible physiological roles 
of ligninolytic enzymes of laccase were suggested, including pigment production 
(Leatham and Stahman, 1981)，fruiting body formation (Zhao and Kwan, 1999) and 
lignin degradation (Breen and Singleton, 1999). 
On the other hand, from the expression profiles of Lacl-Lac3, the main 
isoforms extracted from the mycelia stage may be the protein products of Lad and 
Lac2. Therefore, solid-state fermentation could be used to produce PCP-degradative 
laccases. 
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Table 4.4. Change of laccase expression and activities of Pleurotus pulmonarius at 
three physiological stages in solid-state-fermentation. 
Laccase activity(|Limole/ min) / Lac expression (Normalized) 
Mycelia running Fruiting stage Post-fruiting stage 
Laccase activity 9.76土 0.8 (a) 6.58土 1.2 (b) 4.05土 0.4 (c) 
Lacl RNA 0.25土 0.005 (A) 0.15土 0.002 (B) 0.1 ±0.002 (C) 
Lac2 RNA 0.35 + 0.003 (a,) 0.17 + 0.004 (b') 0.05 + 0.002 (c,) 
Lac3 RNA 0.01 + 0.002 (B，） 0.05 + 0.008 (A，） 0 
The means are calculated with 5 replicates. The mean values are compared with one 
way-ANOVA and ranked by Tukey test. Letters a, b, c represent the ranking from the 
highest to the lowest by Tukey test (p = 0.05). Lacl-Lac3 expressions under 
physiological stages were quantified by measuring the RT-PCR products intensity. 
Specific RT-PCRs of Lac 1-3 are shown in Figure 3.24-3.26. 
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4.3.1 Production of PCP-degradative laccase by Solid-state fermentation 
The comparison of yield of laccase from different methods in this study is 
summarized in Table 4.5. From the result, the production of laccase using solid state 
fermentation of straw was very high despite of a longer production time ( �1 4 days). 
Recently, production of ligninolytic enzymes using solid-state fermentation has 
become popular (Nora and Mces, 2001; De Souza et al., 2002). Straw is an 
inexpensive source for solid-state fermentation. Also, the production of laccase can 
be further increased by optimization of conditions (e.g. Moisture content, incubation 
temperature). PCP-degradative laccase molecular probes could be used in monitoring. 
As a result, using solid-state fermentation to produce PCP-degradative laccase seems 
promising and cost-efficient. On the other hand, a large amount of spent mushroom 
compost (SMC) was being generated after cultivation of oyster and other mushrooms. 
This large amount of SMC can be reused as a good and cheap enzyme source of 
laccase and has potential uses in bioremediation (Chiu et al., 2000). 
4.3.2 Uses of molecular probe in bioremediation 
The specific molecular probes can be used to monitor the production of target 
protein under optimized condition. In bioremediation of using bacteria or fungi, 
specific molecular probes can be used to assess the presence and expression of 
pollutant-degrading genes. This can predict the potential of bioremediation and 
progress of bioremediation process. Therefore, bioremediation can be enhanced or 
monitored (Duran and Espostio, 2000). 
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Table 4.5. A comparison of the yield of laccase activities produced in different media 
and two types of cultivation in this study. 
Submerged medium Solid-state fermentation 
Supplement PCP ^ X ^ M n M F S M C 
Laccase 2 4 ^ “ “ ^ 4 . 4 5 土 2 . 8 3 土 9 . 7 6 土 6 . 5 8 土 4 . 0 5 土 
activity (U) 3.84 0.79 0.22 0.43 0.39 0.8 1.2 0.4 
Total laccase LTS U 2 0 . 7 6 4 ^ 
activity (kU) 
For laccase activity, 1 enzyme unit (U) is equal to 1 |amole substrate oxidized per 
min. 
For submerged medium, 100 [i\ of 40 ml was added to measure laccase activity. 
Calculation of total laccase activity of submerged medium 
=enzyme activity measured (using 100 i^l culture solution) X dilution factor (Total 
volume of culture solution/ volume used in laccase assay) 
=enzyme activity X (40000/100) 
For solid-state fermentation, 0.1 g of compost of 25 g compost was rinsed with 8 ml 
sodium acetate buffer. 100 [i\ of 8 ml crude enzyme extract was used to measured 
laccase activity. 
Calculation of total laccase activity of solid-state fermentation 二 laccase activity measured (using 100 \i\ culture solution) X dilution factor X total 
volume of crude enzyme extract 
=laccase activity measured X (8000/100) X (25/0.1) 
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4.4 Different isoforms of laccase 
Figure 3.27 shows the isoforms of laccase of different samples. From the 
literature, a molecular mass of mature laccase ranges from about 40-70 kDa 
(D'Souza et al., 1999)(Palmieri et al., 1993) (Lobos et al., 1994). A band of 40kDa 
was observed at most samples including the control, PCP, Phe, Cu, Mn, 2,5- xylidine. 
This was unexpectedly as differential expression of Lad , Lac 2 and Lac 3 were 
found. Yet the intensity of this laccase band correlates with the laccase activity 
measured for various conditions. Thus, the 3 isoforms of Lac 1, Lac 2 and Lac 3 must 
have similar molecular size and the one dimensional SDS-PAGE could not resolve 
them. Using SDS-PAGE, a single laccase band might be observed but this band can 
be resolved into different isoforms by isoelectric focusing; Pleurotus ostreatus 
produced three different laccase isoforms at molecular mass of 67 kDa with different 
pis (Palmieri et al., 1993). To know the exact number of laccase isoforms, isoelectric 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Pleurotus pulmonarius produced constitutive laccase and MnP even in a 
basal defined medium with readily utilizable nutrients but no LiP activity was 
detected regardless of all the media tested in the present study. PCP induced de novo 
biosyntheses of more laccase and MnP. Among different PCP concentrations tested, 
the optimal PCP concentration for both laccase and MnP production was 0.3 mg 
PCP/ g mycelium (fresh weight). The total protein amounts at different PCP 
concentrations decreased generally with incubation time. The solvent of PCP, 
methanol, had no effect on both enzyme activities but produced adverse effect on 
biomass gain. PCP was toxic to mushroom P. pulmonarius when the concentration 
was greater than 0.15 mg PCP/ g mycelium. Maximum PCP degradation was found 
at the first six days and removal slowed down from day 6 to 14. The induction fold 
of laccase was much greater than that of MnP. The time kinetics of both enzyme 
activities was different. Laccase activity correlated well with PCP degradation, while 
MnP did not. Due to the high induction fold by PCP and correlation of enzyme 
activity with PCP degradation, laccase may be the main enzyme responsive to PCP-
stress and responsible for PCP degradation. 
Three partial fragments of laccase cDNAs (Lad, Lac2 and Lac3) were 
cloned using PCR cloning strategies. The sizes of Lac 1, Lac2 and Lac3 were about 
1100, 1000 and 600 bp respectively. The nucleotide sequence identity among these 
three fragments was from 97 to 98%. The amino acid sequence identity among the 
three cDNAs (-200 amino acids) was from 98 to 99%. The three laccase cDNAs had 
high identity to the laccases of Pleurotus spp. as found in GenBank. 
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At optimal PCP concentration, Lacl and Lac2 showed instant and high 
expression during 8-day incubation. Lacl and Lac2 expression correlated with 
laccase activity and led by a time period. Due to correlation with laccase activity and 
PCP-degradation, Lacl and Lac2 may be PCP-inducible and PCP-degradative genes. 
On contrast, Lac3 did not show detectable expression during incubation in control 
and PCP-treated condition. 
Among different compounds tested (copper, manganese, phenanthrene, 2,5-
xylidine), only veratryl alcohol showed no induction effect on laccase activity. 
During incubation in the other 4 supplements, Lacl and Lac2 did not show 
detectable expression, while Lac 3 showed different expression under influence of 
different compounds. Lac3 expression showed high correlation with laccase activity. 
Therefore, Lac3 may be one of the predominant expressed genes in these conditions. 
During sold-state fermentation with straw, the 3 laccase genes (Lacl-Lac3) 
showed different expression profiles during different physiological stages. Lacl and 
Lac2 peaked at mycelial running stage and decreased after fruiting, while high 
expression of Lac3 was detected at fruiting body tissues only. Solid-state 
fermentation at mycelial running stage seemed a good method to induce expression 
of PCP-degradative Lacl and Lac2 genes. 
From SDS-PAGE gel electrophoresis, common major laccase band was 
detected at 40 kDa. The gene product of Lacl, Lac2 and Lac3 may be of similar size 
at 40 kDa. 
113 
4.8. Further Studies 
4.8.1 Confirmation of PCP-degradation by gene product of L a d and Lac2 
Although Lad and Lac2 were putative PCP-degradative genes, further 
confirmation will be needed. Mutation of Lad and Lac2 genes can be done to study 
the exact roles of Lad and Lac2 in PCP-degradation. Besides, full length of cDNAs 
of Lad and Lac3 can be obtained by 3’ and 5' rapid amplification of cDNA ends 
(RACE). Therefore, the coding region of Lad and Lac2 can be isolated, transformed 
and expressed into another host (e. g. E. coli, Saccharomyces cerevisiae) to enable 
the function of laccase at novel environment, and/or enhance the enzyme production. 
4.8.2 Optimization of PCP-degradative laccases production by solid-state 
fermentation 
The present study shows that solid-state fermentation could produce a large 
amount of PCP-degradative laccases at low cost. Further investigation is needed to 
optimize the fermentative conditions for mass-production of these enzymes. 
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